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Abstract 
In modern, extensively glazed office buildings, due to high solar and internal loads and increased comfort 
expectations, air conditioning is increasingly applied even in moderate and cold climates, like in Central and 
Northern Europe. Particularly in these cases, night-time ventilation is often seen as a promising passive 
cooling concept. Many successful examples of passively cooled buildings demonstrate the possibility of 
providing good thermal comfort conditions without the need for energy-intensive air conditioning systems. 
However, due to uncertainties in the prediction of thermal comfort, architects and engineers are still hesitant 
to apply passive cooling techniques. 
The basic concept of night-time ventilation involves cooling the building structure overnight in order to 
provide a heat sink during the occupancy period. As this requires a sufficiently high temperature difference 
between the ambient air and the building structure, the efficiency of night cooling is highly sensitive to 
climatic conditions and hence also to climate warming. In the first part of this PhD study, the potential for 
passive cooling of buildings by night-time ventilation was evaluated by analysing climatic data, without 
considering any building-specific parameters. A method for quantifying the climatic cooling potential (CCP) 
was developed based on degree-hours of the difference between building and external air temperature. 
Applying this method to climatic data of 259 stations shows very high night cooling potential over the whole 
of Northern Europe and still significant potential in Central, Eastern and even some regions of Southern 
Europe. However, due to the inherent stochastic properties of weather patterns, series of warmer nights can 
occur at some locations, where passive cooling by night-time ventilation alone might not be sufficient to 
guarantee thermal comfort. 
Possible time-dependent changes in CCP were assessed for the period 1990-2100, with particular emphasis 
on the Intergovernmental Panel on Climate Change (IPCC) “A2” and “B2” scenarios for future emissions of 
greenhouse gases and aerosols. The study was based on 30 Regional Climate Model (RCM) simulated 
datasets, as obtained from the European PRUDENCE project. Under both emissions scenarios and across 
all locations and seasons, CCP was found to decrease substantially by the end of the 21st century, so that 
night-time cooling will cease to be sufficient to assure thermal comfort in many Southern and Central 
European buildings. In Northern Europe, a significant passive cooling potential is likely to remain, at least for 
the next few decades. 
Because heat gains and night ventilation periods typically do not coincide in time, heat storage is essential 
for effective night cooling, and thus a sufficient amount of thermal mass is needed in the building. In order to 
assess the impact of different parameters, such as slab thickness, material properties and the surface heat 
transfer, the dynamic heat storage capacity of building elements was quantified based on an analytical 
solution of one-dimensional heat conduction in a slab with convective boundary condition. The potential of 
increasing thermal mass by using phase change materials (PCM) was also estimated. The results show a 
significant impact of the heat transfer coefficient on heat storage capacity, especially for thick, thermally 
heavy elements. For thin, light elements a significant increase in heat capacity due to the use of PCMs was 
found to be possible. 
In order to identify the most important parameters affecting night ventilation performance, a typical office 
room was modelled using a building energy simulation program (HELIOS), and the effect of different 
parameters such as building construction, heat gains, air change rates, heat transfer coefficients and climatic 
conditions on the number of overheating degree hours (operative room temperature >26 °C) was evaluated. 
Besides climatic conditions, the air flow rate during night-time ventilation was found to have the largest 
effect. However, thermal mass and internal heat gains also have a significant impact on the achievable level 
of thermal comfort. A significant sensitivity to the surface heat transfer was found for total heat transfer 
coefficients below about 4 W/m2K. 
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The convective heat transfer at internal room surfaces is highly affected by the indoor air temperature 
distribution and the near-surface velocities both of which can vary significantly depending on the air flow 
pattern in the room. Increased convection is expected due to high air flow rates and the possibility of a cold 
air jet flowing along the ceiling, but the magnitude of these effects is hard to predict. Heat transfer during 
night-time ventilation in case of mixing and displacement ventilation has been investigated in a full scale test 
room. The performance of night time cooling was evaluated based on the temperature efficiency of the 
ventilation. The results show that for low air flow rates displacement ventilation is more efficient than mixing 
ventilation. For higher airflow rates the air jet flowing along the ceiling has a significant effect, and mixing 
ventilation becomes more efficient.  
Combining the results of the previous steps, a practicable method for the estimation of the potential for 
cooling by night-time ventilation during an early stage of design is proposed. In order to assure thermal 
comfort two criteria need to be satisfied, i.e. (i) the thermal capacity of the building needs to be sufficient to 
accumulate the daily heat gains within an acceptable temperature variation and (ii) the climatic cooling 
potential and the effective air flow rate need to be sufficient to discharge the stored heat during the night. 
The estimation of the necessary amount of thermal mass in the building is based on the dynamic heat 
storage capacity. The air flow rate needed to discharge the stored heat at a certain climatic cooling potential 
is assessed based on the temperature efficiency of the ventilation. 
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1 Introduction 
1.1 Increasing cooling energy demand 
During the last few decades, a trend towards increasing cooling demand in buildings has been observed in 
many European countries. Due to high internal and solar heat gains commercial buildings with extensive 
glazing tend to be overheated in summertime, even in moderate and cold climates like in Central and 
Northern Europe.  
In Switzerland, 46.7 % of the total energy is used in Buildings, i.e. for space heating (35.1 %), domestic hot 
water (5.5 %), lighting (3.4 %), and for air conditioning and ventilation systems (2.7 %). In private homes until 
now only 0.1 % of the electric energy is used for air conditioning systems. However, from 2000 till 2006 this 
number increased by 158 %. In the service sector, the share of the electric energy applied for air 
conditioning and ventilation systems amounts to 29.1 % already today and increased by 10.6 % during the 
same period [1]. 
A study on the energy efficiency of air conditioning systems [2] shows a similar situation for most European 
countries. Until 2020 the demand for cooled floor area is expected to more than double compared to 2000. 
Again, office and commercial buildings have the largest share (Figure 1). 
 
Figure 1. Evolution of cooled floor area in the EU 15 countries by economic sectors from 1990 to 2020 [2]. 
While the heating requirement can be effectively reduced by installing thermal insulation, cooling plays an 
increasingly significant role in the overall energy demand of buildings. This trend is enhanced by changes in 
climatic conditions. In mild winters less energy is needed for heating, but more frequent and longer hot spells 
result in a significant increase in cooling energy demand. For Switzerland, Christenson et al [3] found a clear 
increase in cooling degree days during the last century, especially during the last 20 years. Although future 
climate models are subject to high uncertainties, a continuous increase in cooling degree days is believed to 
be very likely. Using building energy simulation, Frank [4] observed an increase in cooling energy demand in 
Swiss office buildings by 223-1050 % for the period 2050-2100 compared to 1961-1990. 
Additionally, the urban heat island effect contributes to an increasing cooling demand [5]. In densely 
populated urban areas, changes in the thermal properties of surface materials (e.g. asphalt or concrete), the 
lack of evaporation from vegetation and a high density of waste heat sources, result in significantly higher 
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temperatures compared to surrounding rural areas. As cities tend to become larger and more densely 
populated, this effect is expected to increase further. 
1.2 Passive cooling of buildings 
Basically, active cooling can be avoided in well-designed buildings in most Central and Northern European 
locations. The first step to achieving this is the reduction of internal and solar heat gains. Solar heat gains 
can be limited by a moderate glazing ratio and effective, preferably exterior, solar shading devices. Also 
people and electric equipment contribute to the total heat gains in a building. Therefore, next to the direct 
energy savings, the application of energy efficient office equipment and using daylight instead of electric light 
helps to reduce the cooling energy demand and to increase thermal comfort. 
Besides the reduction of heat gains, passive cooling is based on the utilisation of natural heat sinks including 
the sky, the atmosphere and the earth. Ventilation to the atmosphere is the most elementary practise of heat 
removal from buildings and the most widely used passive cooling method. Ventilative cooling includes the 
direct removal of heat gains during the day and the cooling of the building structure during the night. Heat 
transfer to the sky, or rather the outer space beyond the atmosphere, is exclusively by radiation. Radiative 
cooling is most efficient at night under cloudless skies, and therefore in regions having low atmospheric 
humidity. Evaporative cooling applies to all processes in which the sensible heat in an air stream is 
exchanged for the latent heat of water droplets or wetted surfaces. Direct evaporative cooling denotes 
systems where this takes place in the supply air stream. In indirect systems a heat exchanger is used in 
order to prevent humidification of the supply air. Generally evaporative cooling is most suitable for dry 
climates. Also the earth can be utilised as a heat sink in different ways. A building can be coupled directly to 
the earth, or the supply air can be cooled by means of an earth-to-air heat exchanger. These methods are 
widely applicable, as at most locations earth temperatures fall below or within the comfort range throughout 
the entire year. Additionally, ground water and also water from the sea, lakes or rivers can be utilised as 
natural heat sinks. Detailed information on different passive cooling techniques can be found in [6] and [7]. 
Many of these passive cooling systems have a very long tradition, especially in hot and arid climates, like in 
Iran [8]. E.g. dome-shaped roofs with air vents were incorporated in buildings as early as 3000 BC. Also very 
massive constructions were traditionally used in order to minimise daily internal temperature swings. For 
increased ventilation different types of wind towers were developed in Egypt (malqaf), the Persian Gulf 
states (badgir) and Pakistan (wind scoops) [9]. Wind towers were also used in combination with underground 
tunnels and evaporative cooling from damp walls, fountains or underground water streams. Combining 
different methods yielded very effective cooling systems. 
In modern applications the combination of different passive, or passive and active cooling systems is called 
hybrid cooling. When passive and active systems are combined the passive system is used as long as the 
natural heat sink is sufficient and therefore the energy consumption of the active system can be reduced 
significantly. Whenever passive means are not sufficient to provide acceptable thermal comfort conditions, 
the application of renewable energy sources should be considered for the operation of active air conditioning 
systems. E.g. an absorption chiller can be powered by using concentrated solar radiation as an energy 
source.  
1.3 Night-time ventilation 
During night-time ventilation the relatively cold outdoor air is used as a heat sink to cool the building. 
Whenever, the outdoor air temperature is below the building temperature, the thermal mass of the building 
can be cooled by ventilation. During the following day, heat gains are accumulated by the thermal mass 
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which prevents extensive overheating of the building. The stored heat is then discharged by ventilation 
during the next night (Figure 2). 
Typically solar and internal heat gains occur primarily during the day, but the highest potential for ventilative 
cooling is available during the night when the outdoor temperature is lowest. Therefore heat storage is an 
essential requirement for night-time ventilative cooling and a high thermal capacity of building elements (e.g. 
ceiling, floor, walls) is needed. Furthermore, for an efficient utilisation of the thermal capacity a sufficient heat 
transfer at the surface and sufficient conduction in the material are needed. An alternative to heavy building 
elements is the application of phase change materials for increasing the thermal capacity of light-weight 
structures [10]. 
Ventilation can be driven by natural forces (thermal buoyancy and wind), or by fans. In case of natural 
ventilation windows can be operated manually or automatically by a central building management system. As 
natural ventilation may cause a high variability in the air change rate, hybrid ventilation systems are often 
used in order to ensure a certain air flow rate. In hybrid ventilation mechanical and natural forces are 
combined in a two-mode system where the operating mode varies according to the season, and within 
individual days [11].  
 
Figure 2. Basic principle of cooling by night-time ventilation.  
1.4 Examples of buildings cooled by night-time ventilation 
On completion in 2003 the MIVA building (Christophorus Haus) in Stadl-Paura, Austria [12] was one of the 
most innovative Passivhaus buildings in Europe. The cooling concept includes natural night-time ventilation 
combined with a ground source heat pump (hybrid cooling). 100 tonnes of thermal mass were included in the 
building in order to accumulate heat gains and decrease daily temperature variations.  
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In Switzerland, Forum Chriesbach [13] was the first office building applying the Zero Energy House standard. 
In this building passive cooling is achieved by combining natural night-time ventilation with an earth-to-air 
heat exchanger (hybrid cooling). During night-time ventilation cold outdoor air enters the building through 
windows in the façade, flows to the central atrium and is exhausted at roof level. 
A similar concept is applied in the passively cooled KfW office building in Frankfurt, Germany. Night-time 
ventilation is driven by the stack effect in the atrium, but it is supported by mechanical fans when needed 
(hybrid ventilation). A monitoring study conducted in this building by Wagner et al. [14] showed, that even 
under extreme climate conditions acceptable thermal comfort conditions can be reached with passive 
cooling. 
The energy consumption and the internal temperatures and CO2 levels in the naturally ventilated Lanchester 
Library at Coventry University, UK were recorded by Krausse et al. [15]. Due to the exposed thermal mass 
and the night ventilation strategy the building meets thermal comfort criteria even during prolonged hot 
spells, using 51 % less energy than a typical air-conditioned office.  
1.5 State-of-the-art and research topics 
The international research program PASCOOL [16] aimed to develop techniques, tools and design 
guidelines to promote passive cooling applications in buildings. Within the framework of PASCOOL the user-
friendly computer code LESOCOOL [17] was developed to predict the cooling power and fluctuations of 
internal temperature during night-time ventilation based on simple models. This tool was validated and a 
good agreement was found between simulated and experimental indoor air temperature. However, there are 
some limitations. Firstly, only one single air flow path without branches can be modelled. Secondly, the 
thermal model is only valid for infinitely thick walls. And thirdly, a constant heat transfer, h = 6 W/m2K is 
applied for all internal surfaces. Radiative heat transfer between different surfaces is not considered. 
IEA ECBCS Annex 28 dealt with low energy cooling systems. A selection chart was provided to help to 
identify which of the considered cooling technologies are likely to be suitable for a particular application on 
the basis of key building parameters. This is supported by summary sheets for each of the technologies 
giving a brief description and key information. For night-time ventilation in cool climates and heavy-weight 
constructions a possible offset of heat gains in the range of 20 - 30 W/m2 and a corresponding peak space 
temperature reduction of 2 - 3 K is given [18]. 
Often natural or hybrid ventilation is applied for night-time cooling. The NatVent project [19] aimed to provide 
solutions for natural ventilation and low-energy cooling in office-type buildings in countries with moderate and 
cold climates. A design handbook [20] discusses the basic principles of natural ventilation and provides an 
overview of prediction methods. IEA ECBCS Annex 35 [11] aimed to develop control strategies for hybrid 
ventilation systems and methods to predict ventilation performance in hybrid ventilated office and 
educational buildings. An overview of available design methods like simple analytical and empirical methods, 
single-zone and multi-zone methods, and computational fluid dynamics (CFD) methods is given in [21]. 
Despite many successful examples and several research projects showing a high potential for cooling by 
night-time ventilation, architects and engineers continue to be hesitant to apply this technique. This is mainly 
because of uncertainties in thermal comfort predictions and the lack of simple design tools applicable in an 
early design stage, when many parameters affecting the performance of night cooling are not known yet. 
Assumptions made by the user in the input for building simulation leads to uncertainties in comfort 
predictions [22]. Additionally, the effectiveness of passive and low energy cooling systems is, by their very 
nature, much more sensitive to climate than is the performance of refrigeration-based systems [23]. For 
night-time ventilation a sufficiently high temperature difference between ambient air and the building 
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structure is needed to achieve effective cooling of the building mass. The very high variability of climatic 
conditions and the uncertain development of global climate warming, therefore might cause discrepancies in 
thermal comfort conditions in real buildings compared to predictions based on standard climate data. 
Some general guidelines for the applicability of ventilative night cooling are given by Givoni [24], [25], [26]. 
Night-time cooling is recommended mainly in arid and desert regions with a summer diurnal temperature 
fluctuation of 15 to 20 K and night-time temperatures below about 20 °C. For the maximum daytime 
temperature a range between 30 and 36 °C is given.  
A method to evaluate the climate suitability of a given location for direct ventilative cooling and 
complimentary night-time ventilative cooling was presented by Axley et al. [27]. The method was applied to 
four different locations in different climatic zones of the United States. Cooling by natural ventilation was 
found to be feasible and effective in the cooler locations for moderate to high specific internal gains, but not 
for hot and humid climates, as for example in Miami, FL, where relatively high night-time ventilation rates 
would be needed to offset moderate specific internal gains. Estimates of the internal gains that may be offset 
by night-time cooling are based on the assumption that the building has, essentially, infinite thermal mass 
thus, as stated by the authors, these results may significantly overestimate the benefit of night-time cooling.  
Eicker et al. [28] provided experimental evidence for the limitations of night-time ventilation under climatic 
conditions currently regarded as extreme. They monitored for 3 years an advanced low-energy office 
building in Weilheim (Germany), constructed in 1999, that was also equipped with an earth to air heat 
exchanger. While the building performed excellently during typical German summer conditions (2001, 2002), 
in 2003, with average summer temperatures more than 3 K higher than usual, nearly 10 % of all office hours 
were above 26 °C. As the temperatures observed during the exceptionally hot summer of 2003 might 
correspond to those of a typical summer at the end of this century [29], the findings of Eicker et al. clearly 
demonstrate that in decades to come cooling by night-time ventilation might cease to work in buildings 
designed for current climatic conditions. 
The impact of climate change on different passive cooling techniques has been analysed by Roaf et al. [23]. 
For the applicability of night-time ventilation, a monthly mean daily maximum temperature of 31°C was 
assumed to be the limiting criterion. Based on this and other threshold values, they delineated the regions 
where different cooling techniques could cease to be viable by 2050. These were found to be extensive 
enough to conclude that the effects of global warming should be taken into account by designers. Although 
their approach was suitable to detect first-order effects, the study by Roaf et al. suffers from several 
shortcomings. Their threshold temperature of 31°C only applies to well-shaded buildings with relatively low 
internal loads (e.g. residential buildings), as the authors state. The method is also not suitable to quantify 
gradual changes in cooling potential, e.g. across spatial gradients or over time. Additionally, uncertainties 
associated with any regional climate projections [30], [31] were not taken into account.  
Predictions of thermal comfort in buildings applying night-time ventilation are not only affected by variable 
climatic conditions, but also by uncertainties in other parameters, like the air change rate, heat gains, 
effective thermal mass and the heat transfer at internal surfaces. Several studies have been undertaken to 
investigate the effect of different parameters on the efficiency of night-time cooling. 
Using an hourly simulation model, Shaviv et al. [32] analysed the maximum indoor temperature in a 
residential building in the hot humid climate of Israel as a function of night ventilation air change rate, thermal 
mass and daily temperature difference. In a heavy mass building, the maximum indoor temperature was 
found to be reduced by 3 - 6 °C compared to the outdoor maximum. 
Finn et al. [33] investigated the effect of design and operational parameters on the performance of a night 
ventilated library building in the moderate maritime climate of Ireland. Increasing thermal mass by changing 
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construction materials (from 887 kg/m2 to 1567 kg/m2, per unit floor area) was observed to lower peak daily 
temperature by up to 3 °C. Internal gains (20 to 40 W/m2) and ventilation rates up to 10 ACH were also found 
to have a significant effect on internal comfort, with a change in peak temperature of up to 1.0 °C. However, 
increasing ventilation rates beyond 10 ACH did not lead to significant improvement.  
Breesch [34] developed a methodology to predict the performance of natural night ventilation with building 
simulation (TRNSYS [35] coupled with COMIS [36]) taking into account the uncertainties in the input. Next to 
internal heat gains and the air tightness, internal convective heat transfer coefficients were found to have the 
most important impact on the predicted thermal comfort. It should be noted that increased convection due to 
high air change rates was not considered in this study. Further investigation of the convective heat transfer in 
case of natural night ventilation was recommended. 
In most of these studies the effect of convective heat transfer at internal surfaces was not considered at all or 
only in a small range of heat transfer coefficients, even though other studies showed the importance of this 
parameter for thermal energy storage in building elements. Akbari et al. [37] used an analytical model and 
numerical simulations to evaluate the effectiveness of massive interior walls. The effectiveness – defined as 
the ratio of the wall’s total diurnal heat storage capacity for a given convective heat transfer coefficient to the 
maximum storage capacity of the same wall when the coefficient is infinite – of a 0.305 m thick concrete wall 
was found to be almost doubled by increasing the convective heat transfer coefficient from 2.84 to 5.68 
W/m2K. Several authors point out the importance of this finding for the efficiency of night-time ventilation.  
Depending on the direction of the heat flow, standard heat transfer coefficients for combined heat transfer 
(convection and radiation) are in the range from 5.9 to 10 W/m2K [38]. However, during night-time ventilation 
radiation does not contribute to the heat transfer from room surfaces to the air (as air is virtually transparent 
for infrared radiation), but in fact transfers heat from one surface to another. For convective heat transfer 
standard coefficients are 2.5 W/m2K for vertical walls, 5.0 W/m2K for upward heat flow and 0.7 W/m2K for 
downward heat flow [39]. This means that, especially at the ceiling – a concrete ceiling often represents a 
significant share of the thermal mass of a room – the convective heat transfer can be very limited (downward 
heat flow during night-time ventilation). 
On the other hand a higher convective heat transfer is expected due to the increased air flow rate and the 
possibility of a cold air jet flowing along the ceiling [26], [40], [41]. However, Blondeau et al. [42] did not 
observe any significant difference in predicted indoor air temperature due to various increased convective 
coefficients during the night-time in their simulation study. 
Several studies deal with the heat transfer at internal room surfaces. Different correlations were proposed for 
natural (e.g. Alamdari and Hammond [43], Khalifa and Marshall [44], Awbi and Hatton [45]) and mixed 
convection (e.g. Chandra and Kerestecioglu [40], Spitler et al. [46], Awbi and Hatton [47]) from horizontal 
and vertical surfaces. Based on such empirical correlations Beausoleil-Morrison developed an adaptive 
algorithm for the simulation of the convective heat transfer at internal building surfaces [48]. However, many 
of these correlations are based on experiments on small heated plates. A review comparing natural 
convective heat transfer at isolated surfaces and surfaces in enclosures revealed clear discrepancies [49], 
[50]. This demonstrates the necessity of considering a room as a whole. 
Additionally, the heat transfer obviously depends on the air flow pattern in a room. The effect of different flow 
patterns on the storage efficiency during night-time ventilation has been investigated by Salmerón et al. [51] 
using a 2-dimensional computational fluid dynamics model. A variation by a factor of 6 was found between 
different configurations of air in- and outlet openings. However, radiation between internal room surfaces 
was not considered in this study. Furthermore, the impact of the air flow rate on the storage efficiency was 
not investigated. 
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The aim of this dissertation is to contribute to the improvement of the design methods for cooling by night-
time ventilation. It is mainly focused on the effects of climatic conditions and the heat transfer at internal 
room surfaces. As the work was focused on commercial buildings, no internal heat gains were considered 
during night time. 
1.6 Project phases 
In the first part of the project the possibilities and limitations of night-time ventilation under different climatic 
conditions and the impact of climate warming are evaluated. A degree-hour method for quantifying the 
climatic potential for night-time ventilation is developed, verified and applied to present and future climate 
data. 
As heat storage is vital for night-time cooling, the impact of different parameters on the dynamic heat storage 
capacity of building elements is investigated based on the analytical solution of one-dimensional heat 
conduction. 
Subsequently, building energy simulations have been performed to analyse the sensitivity of night cooling 
performance. The effects of climate, thermal mass, heat gains, air change rate and heat transfer coefficients 
on thermal comfort conditions in an office building are discussed. 
Additionally, the heat transfer in case of mixing and displacement ventilation has been investigated in a full 
scale test room at Aalborg University. This study provides a detailed analysis of convection and radiation 
during night-time ventilation depending on the air flow rate and the initial temperature difference between the 
inflowing air and the room.  
Combining the results of the previous steps a new method to evaluate the potential for night-time ventilation 
during the concept design phase is proposed. 
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2 Climatic potential for passive cooling of buildings 
Night-time ventilation is highly dependent on climatic conditions, as a sufficiently high temperature difference 
between ambient air and the building structure is needed during the night to achieve efficient convective 
cooling of the building mass. The purpose of this study was to evaluate the climatic potential for the passive 
cooling of buildings by night-time ventilation in present and future climates in Europe [52], [53]. A method 
was developed which is basically suitable for all building types, regardless of building-specific parameters. 
This was achieved by basing the approach solely on a building temperature variable within a temperature 
band given by summertime thermal comfort. 
2.1 Definition of the climatic cooling potential 
Degree-days or degree-hours methods are often used to characterise a climate’s impact on the thermal 
behaviour of a building. The daily climatic cooling potential, CCPd, was defined as degree-hours for the 
difference between building temperature, Tb and external air temperature, Te (Figure 3): 
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where t stands for the time of day, with { }h24 ..., ,0∈t ; ti and tf denote the initial and the final time of night-
time ventilation, and ΔTcrit is the threshold value of the temperature difference, when night-time ventilation is 
applied. In the numerical analysis, it was assumed that night-time ventilation starts at ti = 19 h and ends at 
tf = 7 h. As a certain temperature difference is needed for effective convection, night ventilation is only 
applied if the difference between building temperature and external temperature is greater than 3 K. 
 
Figure 3. Building temperature, and external air temperature,  during one week in summer 2003 for 
Zurich SMA (ANETZ data). Shaded areas illustrate graphically the climatic cooling potential, CCP. 
bT eT
As heat gains and night-time ventilation are not simultaneous, energy storage is an integral part of the 
concept. In the case of sensible energy storage, this is associated with a variable temperature of the building 
structure. This aspect is included in the model by defining the building temperature as a harmonic oscillation 
around 24.5°C with an amplitude of 2.5 K: 
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The maximum building temperature occurs at the starting time of night ventilation, and given a ventilation 
time of 12 hours, the minimum building temperature occurs at the end time (Figure 3). The temperature 
range Tb = 24.5 °C ± 2.5 °C corresponds to that recommended for thermal comfort in offices [54]. 
2.2 Practical Significance of CCP 
To discuss the practical significance of the calculated degree-hours, an example shall be given. It is 
assumed that the thermal capacity of the building mass is sufficiently high and therefore does not limit the 
heat storage process. If the building is in the same state after each 24 h cycle, the daily heat gains Qd (Wh) 
stored to the thermal mass, equal the heat which is discharged by night ventilation:  
dpd CCPcmQ ⋅⋅= &  (3)
The effective mass flow rate  is written as m& ρη ⋅⋅⋅⋅= ACRHAm Floor& , where AFloor is the floor area and H 
the height of the room, ACR the air change rate and η  a temperature efficiency, which is defined as 
( ) ( ebeout TTTT −−= / )η  and takes into account the fact that the temperature of the outflowing air Tout is lower 
than the building temperature Tb. The density and the specific heat of the air are taken as 3mkg 2.1=ρ  and 
K) (kgJ 1000=pc . Assuming a room height of H = 2.5 m and a constant effective air change rate of 
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For the climatic cooling potential needed to discharge internal heat gains of 20 W/m2K and solar gains of 
30 W/m2K during an occupancy time of 8 h follows: 
( ) Kh80Kh
5
830205 2 =
⋅+==
Km
W
A
QCCP
Floor
d
d  (5)
This example should be seen as a rough estimation only, as solar and internal gains of an office room can 
vary substantially depending on the type of building use, local climate, and the solar energy transmittance 
and orientation of the façade.  
2.3 Climatic cooling potential in Europe 
The degree-hour method was applied for a systematic analysis of the potential for night time cooling in 
different climatic zones of Europe. Semi-synthetic climate data [55] from 259 weather stations was used to 
map the climatic cooling potential (Figure 4). Additionally the cumulative frequency distribution of CCP was 
plotted for 20 European locations (Figure 5). These charts show the number of nights per year when CCP 
exceeds a certain value.  
In the whole of Northern Europe (including the British Isles) a very significant climatic cooling potential was 
found, and therefore passive cooling of buildings by night-time ventilation seems to be applicable in most 
cases. In Central, Eastern and even in some regions of Southern Europe, the climatic cooling potential is still 
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significant, but due to the inherent stochastic properties of weather patterns, series of warmer nights can 
occur at some locations, where passive cooling by night-time ventilation might not be sufficient to guarantee 
thermal comfort. If lower thermal comfort levels are not accepted during short periods of time, additional 
cooling systems are required. In regions such as southern Spain, Italy and Greece climatic cooling potential 
is limited and night cooling alone might not be sufficient to provide good thermal comfort during all the year. 
Nevertheless, night-time ventilation can be used in hybrid cooling systems during spring and fall. 
 
Figure 4. Map of mean climatic cooling potential (Kh/night) in July based on Meteonorm data [55]. 
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Figure 5. Cumulative frequency distribution of CCP for maritime (top) and continental (bottom) locations. 
Climatic potential for passive cooling of buildings  12 
2.4 Impact of climate warming on climatic cooling potential 
In order to quantify the impact of climate warming on the potential for night cooling, linear regression models 
were developed to estimate the daily climatic cooling potential (CCPd) from the minimum daily air 
temperature, Tmin. For eight case study locations representing different climatic zones across a North-South 
transect in Europe, CCP was computed for present conditions (1961 - 1990) using measured Tmin data from 
the European Climate Assessment (ECA) database. Possible future changes in CCP were assessed for the 
period 2071 - 2100 under the Intergovernmental Panel on Climate Change (IPCC) “A2” and “B2” scenarios 
for future emissions of greenhouse gases and aerosols defined in the Special Report on Emission Scenarios 
(SRES, [56]). The “A2” storyline and scenario family describes a very heterogeneous world. The underlying 
theme is self-reliance and preservation of local identities. Fertility patterns across regions converge very 
slowly, which results in continuously increasing population. Economic development is primarily regionally 
oriented and per capita economic growth and technological change more fragmented and slower than in 
other storylines. The “B2” storyline and scenario family describes a world in which the emphasis is on local 
solutions to economic, social and environmental sustainability. It is a world with continuously increasing 
global population, at a rate lower than “A2”, intermediate levels of economic development, and less rapid and 
more diverse technological change than in the “A1” and “B1” storylines. While the scenario is also oriented 
towards environmental protection and social equity, it focuses on local and regional levels. The SRES 
scenarios do not include additional climate initiatives, which means that no scenarios are included that 
explicitly assume implementation of the United Nations Framework Convention on Climate Change or the 
emissions targets of the Kyoto Protocol. 
The analysis of climate change impacts was based on 30 Regional Climate Model (RCM) data sets obtained 
from the European PRUDENCE project [57]. This project represents an attempt to integrate European 
climate projections of different institutions, and its website provides a large database of RCM simulation 
results for Europe. These were based on boundary conditions from 6 global simulations with two 
Atmosphere-Ocean General Circulation Models (AOGCM), Arpege/OPA and ECHAM4/OPYC, plus three 
atmosphere-only Global Climate Models (GCM), ECHAM5, HadAM3H and HadAM3P that were driven with 
sea-surface temperature and sea-ice boundary conditions taken from simulations with the HadCM3 AOGCM. 
More information about the climate simulation models can be found on the PRUDENCE website. 
For Zurich and Madrid Figure 6 shows significant changes in the percentage of nights per season when the 
daily cooling potential, CCPd exceeds a certain value. For Zurich, under current climate conditions CCPd is 
higher than 80 Kh (roughly necessary to discharge heat gains of 50 W/m2, see section 2.2) throughout most 
of the year, except for about 10 % of summer nights. Under the “A2” scenario CCPd was found to fall below 
80 Kh in more than 50 % (“B2”: 45 %) of summer nights.  
For the studied locations in Southern Europe CCPd values under present climatic conditions were found to 
be below 80 Kh throughout almost the entire summer, but a considerable cooling potential was revealed in 
the transition seasons. For the whole year the percentage of nights when CCPd exceeds 80 Kh in Madrid 
was found to decrease from 70 % under present conditions to 52 % under “A2” conditions.  
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Figure 6. Seasonal cumulative distributions of CCPd in Zurich (left) and Madrid (right) for current climate 
(ECA) and averages for forcing scenarios “A2” and “B2”. 
Transient scenarios were based on upper and lower bounds for the change in global temperature as 
provided by Cubash et al. [58] (their Figure 9.14, “several models, all SRES envelope”). These bounds 
accounted for a much broader range of radiative forcing scenarios and possible global temperature 
responses to a given forcing (climate sensitivities) than the PRUDENCE scenarios. However, it should be 
noted that these do still not account for the full range of possible future development. 
Figure 7 shows a range of the possible development of the mean climatic cooling potential, CCP during the 
summer (June July August) from 1990 to 2100 for three European locations. The lower limit indicates a rapid 
decrease in night cooling potential, especially after 2030. In the case of Madrid the slope of the lower limit 
tails out as it approaches zero. The upper limit shows a flatter slope and levels to a constant value at the end 
of the 21st century. 
 
Figure 7. Time-dependent change in mean climatic cooling potential during summer (JJA); upper and lower 
scenario based on mean global temperature scenarios ([58] Figure 9.14, “several models, all SRES 
envelope”) and mean values of selected PRUDENCE models for “A2” and “B2”. 
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The decreases found in mean cooling potential have regionally varying implications. In Northern Europe the 
risk of thermal discomfort for buildings that use exclusively ventilative night cooling is expected to steadily 
increase up to possibly critical levels in the second half of the 21st century. In Central Europe extended 
periods with very low night cooling potential – where thermal comfort cannot be assured based on night-time 
ventilation only – could already become more frequent in the next few decades, if a strong warming scenario 
became real. For Southern Europe the potential for ventilative night cooling will sooner or later become 
negligible during summer and will decrease to critical levels in the transition seasons.  
2.5 Concluding remarks 
Additionally to climate warming the heat island effect causes a decrease in the potential for night-time 
ventilation in urban areas compared to surrounding rural areas. Williamson and Erell [59] applied the CCP 
concept to assess the implications of heat islands for building ventilation. For London they found a reduction 
in CCP during summer of about 9 %. Even larger effects were found for Adelaide, Australia (up to 26 %) and 
Sde Boqer, Israel (up to 61 %). 
In order to avoid heavily increased energy consumption by mechanical cooling systems there is a great need 
for additional passive cooling techniques, such as radiant or evaporative cooling, and/or hybrid approaches. 
However, it should be noted that although cooling by night-time ventilation is expected to become 
increasingly ineffective during summer, it is likely to remain an attractive option in the transition seasons. 
This will be even more the case, if it is considered that under general warming the cooling season will tend to 
start earlier in spring and end later in autumn. In fact, the decreasing cooling potential and the 
simultaneously increasing cooling demand result in a shift of possible applications of night-time ventilation in 
Europe from South to North and from summer to the transition seasons. 
Any assessment of possible changes in future climate is subject to large uncertainties. Nevertheless, the 
extent and rate of the expected climatic changes and the long service life of buildings imply the need for 
designing buildings capable of providing comfortable thermal conditions under more extreme climatic 
conditions.  
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3 Dynamic heat storage capacity of building elements 
As heat gains and night ventilation periods do normally not coincide in time, the energy of daily heat gains 
needs to be stored until it can be discharged by ventilation during the following night. A sufficient amount of 
thermal mass is therefore needed for a successful application of night-time ventilation. For effective 
utilisation of the thermal mass both a sufficient heat transfer to the surface and sufficient conduction within 
the element are needed. The purpose of this study was to evaluate the impact of different parameters such 
as material properties, slab thickness and heat transfer coefficient on the heat storage capacity of building 
elements [60]. 
3.1 Model of a building element 
A building element was represented by a homogeneous slab with half-thickness d. One surface of the slab 
was exposed to a varying temperature, while the other surface was considered adiabatic. The analytical 
solution to the heat transfer problem in a slab with convective boundary condition and sinusoidally varying air 
temperature ([37], [61]) was used to determine the spatial and temporal temperature profile in the element. 
Integrating the positive (charging) or negative (discharging) heat flow at the surface over one periodic cycle 
yields the dynamic heat storage capacity cdyn of the element. This corresponds to the dynamic heat storage 
capacity as defined in the European standard EN ISO 13786 [62]. A method to calculate the dynamic heat 
storage capacity of an element composed of layers with different thermal properties is also presented in EN 
ISO 13786. The dynamic heat storage capacity depends on the time period of the temperature variation. As 
the performance of night-time ventilation mostly depends on the diurnal heat storage, the capacity was 
calculated based on a 24 h temperature variation. 
3.2 Impact of different Parameters 
Figure 8 shows the diurnal heat storage capacity, cdyn of different building elements depending on the heat 
transfer coefficient h. The properties of the materials are given in Table 1. The impact of the heat transfer 
coefficient depends greatly on slab thickness and the thermal properties of the material. For thin slabs 
(d = 15 mm) the heat storage capacity is almost constant for heat transfer coefficients higher than 
h = 3 W/m2K. In contrast, for thick slabs increasing the heat transfer coefficient up to h = 30 W/m2K 
significantly increases the diurnal heat storage capacity. Generally, the storage capacity of thin elements, 
such as gypsum boards used for light-weight wall constructions or medium density fibreboards (MDF) used 
for furniture is rather small compared to thick and heavy elements such as a concrete ceiling or sand-lime 
brick walls (bricks made from sand and slaked lime). However, especially at a low heat transfer coefficient 
and in consideration of its large surface area, furniture might still make a notable contribution to the total heat 
storage capacity of a room. 
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Figure 8. Diurnal heat storage capacity, cdyn of different building elements depending on the heat transfer 
coefficient h. 
Table 1. Material properties.  
 λ (W/m2K) ρ (kg/m3) c (kJ/kgK) 
Concrete 1.80 2400 1.1 
Sand-lime 1.10 2000 0.9 
Gypsum 0.40 1000 0.8 
MDF 0.18 800 1.7 
Gypsum, 20% PCM 0.36 960 9.0*
Gypsum, 40% PCM  0.32 920 17.3*
* In the melting temperature range. 
 
Increasing the slab thickness clearly raises the diurnal heat storage capacity until a maximum is reached. 
Beyond the maximum the capacity decreases slightly and converges to a constant value as the thickness 
approaches infinity (Figure 9). This somewhat surprising effect has been described previously (e.g. [63]) and 
is explained by the superposition of an incident wave and a reflected wave. With increasing heat transfer 
coefficient the maximum becomes more distinct. Additionally the optimum thickness of a concrete slab 
increases from about d = 90 mm to 140 mm if the heat transfer coefficient increases from h = 5 W/m2K to 
h = 30 W/m2K. 
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Figure 9. Diurnal heat storage capacity, cdyn of a concrete slab depending on the thickness, d for different 
heat transfer coefficients, h. 
Analysing the impact of the thermal conductivity, λ of the slab material showed that in most cases the 
storage capacity increases only slightly for conductivities above 1.8 W/mK (concrete). For thin slabs 
(d = 15 mm) there is almost no impact of the conductivity in the range from λ = 0.05 W/mK to λ = 50 W/mK. 
Only in the case of a very thick slab (d = 100 mm) in combination with a high heat transfer coefficient 
(h = 20 W/m2K) does the storage capacity increase with conductivities up to 50 W/mK (Figure 10). 
 
Figure 10. Diurnal heat storage capacity, cdyn depending on the thermal conductivity, λ for different heat 
transfer coefficients, h and slab thicknesses, d; ρ c = 2.6 MJ/m3K. 
The impact of the volumetric heat capacity, ρ c is displayed in Figure 11. The heat storage capacity of very 
light materials such as insulation materials with ρ c < 0.1 MJ/m3K is generally very small. Even for a slab with 
half-thickness d = 100 mm and a high heat transfer coefficient, h = 20 W/m2K, the heat storage capacity is 
only 10 kJ/m2K. Increasing the thermal capacity to the value of concrete (ρ c = 2.6 MJ/m3K) significantly 
improves the storage capacity, especially at high heat transfer coefficients (h = 10 to 20 W/m2K) to maximum 
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158 kJ/m2K. Further improvement for capacities above ρ c = 2.6 MJ/m3K is only achieved for thin slabs 
(d = 15 mm) or at very high heat transfer coefficients (h = 20 W/m2K). 
 
Figure 11. Diurnal heat storage capacity, cdyn depending on the heat capacity, ρ c for different heat transfer 
coefficients, h and slab thicknesses, d; λ = 1.8 W/mK. 
A possibility for increasing the thermal heat capacity is the integration of micro-encapsulated phase change 
materials (PCM) into gypsum plaster boards or plaster [10]. For a rough estimation of the effect of PCMs on 
the dynamic heat storage capacity a very simple model, assuming a constant heat capacity in the melting 
temperature range, was used in this study. The estimated thermal properties are given in Table 1. Applying 
this model, the dynamic heat capacity of 15 mm thick gypsum plaster boards with 20 % and 40 % PCM 
content was found to be similar to a 50 mm and 100 mm thick concrete slab, respectively (Figure 12). 
 
Figure 12. Effect of integrated PCM on the diurnal heat storage capacity, cdyn depending on the heat transfer 
coefficient, h. Gypsum plaster board with different PCM contents compared to concrete slabs. 
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3.3 Conclusion 
The dynamic heat storage capacity of building elements is affected by many parameters, like material 
properties, thickness and surface heat transfer coefficient. However, the sensitivity to each parameter 
depends on other parameters. In many cases the capacity is limited by one parameter and changing the 
limiting parameter has the largest effect. For example, the dynamic heat storage capacity of thin, light-weight 
elements, like gypsum plaster boards, is limited by the total heat capacity. In this case, the integration of 
phase change materials can significantly improve the dynamic heat storage capacity. 
On the other hand, for massive elements, like a concrete floor slab or sand-lime brick walls, the thermal 
properties of common building materials are sufficient, but the dynamic heat storage capacity is mainly 
limited by the heat transfer at the surface. In this case the penetration depth of the temperature variation is 
limited and the total heat capacity of the element is only partially utilised. Therefore, for massive elements 
the dynamic heat storage capacity highly depends on the heat transfer coefficient. 
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4 Simulation study on performance of night-time ventilation 
The heat storage capacity of building elements is an important precondition for the application of night 
cooling. However, the effectiveness of night-time ventilation also depends on other parameters such as 
internal and solar heat gains, climatic conditions (outdoor air temperature) and ventilation air change rate. 
Additionally, several building elements with different properties are typically present in a real room. The 
impact of different parameters and the interaction of different building elements were investigated in detail by 
building energy simulation [64]. 
4.1 Simulation model 
A typical office room with 20 m2 floor area (Table 2) was modelled using the building energy simulation 
programme HELIOS [65]. Starting from a base case, different parameters were varied to assess their effect 
on night ventilation performance. In order to assess the impact of thermal mass, three different building 
types, representing a light-weight (suspended ceiling, gypsum board walls), medium-weight (exposed 
concrete ceiling, gypsum board walls), and heavy-weight (exposed concrete ceiling, solid sand-lime brick 
walls) construction. The detailed composition of the building elements and the thermal properties of the 
building materials are given in Table 3. The resulting dynamic heat storage capacity per unit floor area is 
illustrated in Figure 13. 
Table 2. Main parameters of the modelled office room. 
Floor area 20 m2
Room height 2.6 m 
Volume 52 m3
Facade area 10.4 m2
Facade area/volume ratio 0.2 m-1
Internal surface area 86.8 m2
Ceiling area 20 m2
Internal wall area 36.4 m2
External wall area 4.8 m2
Window area 5.6 m2
Glazed area (aperture) 4.05 m2
Glazed area/facade area ratio 38.9 % 
 
Additionally three different levels of internal heat gains (low: 159 Wh/m2d, medium: 229 Wh/m2d and high: 
313 Wh/m2d) were defined to show their impact on night ventilation performance. In all cases the office was 
occupied by two people, with a heat gain of 126 W/person (60 % conv. / 40 % rad.). Heat gains from 
equipment (80 % conv. / 20 % rad.) were assumed to be 50 W/person (low) or 150 W/person (medium and 
high). Lighting power was 10 W/m2 (40 % conv. / 60 % rad.) with different schedules representing an office 
with (low and medium) and without (high) daylight utilisation (Figure 14). No heat gains were assumed during 
weekends. 
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Table 3. Composition of building elements and thermal properties of building materials 
Element Material d (m) λ (W/mK) ρ (kg/m3) c (kJ/kgK) 
Carpet 0.005 0.05 80 930
Plaster Floor 0.08 1.5 2200 1080
Sound insulation 0.04 0.04 30 1404
Floor slab 
(light-, medium-, 
heavy-weight) 
Concrete 0.18 1.8 2400 1080
Air gap 0.25 R = 0.160 m2K/W Suspended ceiling 
(light-weight) Acoustic panel 0.02 0.21 800 900
Gypsum board 0.025 0.4 1000 792
Mineral wool 0.07 0.036 90 612
Internal wall 
(light-, medium-
weight) Gypsum board 0.025 0.4 1000 792
Plaster 0.015 0.7 1400 936
Sand-lime brick * 0.15 1.1 2000 936
Internal wall 
(heavy-weight) 
Plaster 0.015 0.7 1400 936
Concrete 0.18 1.8 2400 1080
Exp. polystyrene 0.12 0.035 40 1200
External wall 
(light-, medium-
weight) Gypsum board 0.025 0.4 1000 792
Plaster ext. 0.02 0.87 1600 1000
Exp. polystyrene 0.12 0.035 40 1200
Sand-lime brick * 0.15 1.1 2000 936
External wall 
(heavy-weight) 
Plaster 0.015 0.7 1400 936
* Sand-lime brick: Bricks made from sand and slaked lime. 
 
 
Figure 13. Dynamic heat storage capacity of building elements for three different levels of thermal mass (EN 
ISO 13786 [62]; excluding surface resistance). 
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Figure 14. Low (159 Wh/m2d), medium (229 Wh/m2d) and high (313 Wh/m2d) internal heat gains over the 
course of a day. 
Night-time ventilation was assumed from 7 pm to 7 am at a fixed air change rate (base case: 6 ACH). The 
increased air change rate was applied if the external temperature was at least ΔTcrit = 3 K below the average 
room surface temperature, TSurface. To prevent over-cooling, night ventilation was terminated as soon as the 
average room surface temperature, TSurface fell below 20 °C. 
Different climatic data sets were applied to assess the impact of local and annual climatic variability. In 
addition to semi-synthetic data for different locations (Meteonorm and Design Reference Year, DRY), long-
term measured data for Zurich (ANETZ) were used. 
In order to evaluate the impact of the heat transfer between building elements and the room air, a wide range 
of surface heat transfer coefficients was investigated. In HELIOS convective and radiative heat transfer is 
modelled using combined heat transfer coefficients. In the base case, all combined heat transfer coefficients 
were set to h = 7.7 W/m2K in accordance with DIN 4701 [66]. 
Night-time ventilation performance was rated by evaluating overheating degree hours of the operative room 
temperature above 26 °C. Different standards (e.g. [54], [67], [68]) give limits of acceptable overheating 
corresponding to a range from about 100 to 400 Kh above 26 °C per year. The limit to be applied for a 
certain application mainly depends on the building usage. Generally a wider temperature range will be 
accepted in residential buildings than in commercial buildings. Furthermore, the tolerated extent of 
overheating also depends on the occupants’ possibilities to adapt themselves, (e.g. by changing clothing) 
and control their environment (operation of windows, access to building controls, etc.). In order to account for 
the ability to adaptation the concept of adaptive thermal comfort has been proposed which relates the 
comfort temperature to the external temperature [69], [70]. In this study 100 Kh above 26 °C was considered 
good thermal comfort, while up to 400 Kh was still considered acceptable. 
4.2 Impact of different parameters 
Figure 15 shows the overheating degree hours above 26 °C (ODH26) in a medium thermal mass office with 
high internal heat gains based on different climatic data for Zurich SMA. In the period from 1981 to 2005 
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(excluding 2003), overheating degree hours exceeding 26 °C varied in the range from 20 to 400 Kh if 
measured weather data (ANETZ) was used. In 2003, exceptionally high summer temperatures resulted in 
nearly 900 Kh above 26 °C, while the mean value from 1981 to 2005 was 142 Kh/a.  
Simulations based on Meteonorm or DRY data resulted in a far lower extent of overheating. Overheating 
degree hours amounted to 2.3 Kh/a if the Meteonorm standard data were applied, and 79 Kh/a when 
Meteonorm data based on 10-year maximum monthly mean values were used. Applying DRY data (based 
on measurements from 1981-1990) resulted in 25 Kh/a, while ANETZ data averaged over the same period 
yielded 82 Kh/a. For the following simulations ANETZ data from the period 1996 to 2005 were applied. 
 
Figure 15. Overheating degree hours above 26 °C (ODH26) based on different climatic data for Zurich SMA: 
ANETZ 1981-2005, Meteonorm (standard and 10-year maximum), DRY, ANETZ 1981-1990 (mean) and 
ANETZ 1996-2005 (mean); medium thermal mass, high level of internal heat gains, air change rate 6 ACH, 
all heat transfer coefficients h = 7.7 W/m2K. 
Significant effects of both different building constructions (thermal mass) and different levels of internal heat 
gains are shown in Figure 16. While in most cases thermal conditions were quite comfortable with less than 
200 Kh/a, hardly acceptable overheating (ODH26 = 416 Kh/a) resulted for the extreme case of a light weight 
office with high internal loads. A 180 mm thick concrete ceiling in direct contact with the room air reduced 
overheating by a factor of two compared to a suspended ceiling. The additional application of solid sand-lime 
brick walls instead of gypsum board walls reduced overheating by a factor of three. 
Internal heat gains had an effect of similar magnitude. Both increasing the heat gains of office equipment 
from 50 W to 150 W per person and using artificial light instead of daylight, respectively, increased 
overheating degree hours by a factor of 2 to 2.5. These factors depended on thermal mass, with a smaller 
sensitivity in heavier buildings. Especially in light-weight buildings, heat gains should be reduced as far as 
possible by applying energy-efficient office equipment, daylight utilisation, and the installation of effective 
solar shading devices. 
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Figure 16. Overheating degree hours above 26 °C for different building constructions (light, medium and 
heavy mass) and different levels of internal heat gains (low, medium and high), Zurich (ANETZ 1996-2005), 
6 ACH, all heat transfer coefficients h = 7.7 W/m2K. 
Figure 17 (left) shows the overheating degree hours above 26 °C as a function of air change rate during 
night-time ventilation (0.5 - 32 ACH) for high heat gains and different building constructions. In case of a 
medium- and heavy weight building, a relatively low air change rate below 4 ACH was sufficient to maintain 
the limit of thermal comfort (prEN 15251 [54], category III; about 400 Kh). In the light-weight building an air 
change rate of about 7 ACH is needed to keep this limit. 
 
Figure 17. Overheating degree hours above 26 °C (ODH26) for high internal heat gains and different building 
constructions; Zurich, ANETZ 1996-2005; left: depending on the air change rate, h = 7.7 W/m2K; right: 
depending on the heat transfer coefficients (all surfaces, day and night), air change rate: 6 ACH. 
Increasing the night ventilation air change rate improved thermal comfort significantly. For the example of a 
heavy-weight building with high internal heat gains, overheating was reduced from 419 to 32 Kh/a when the 
air change rate was increased from 2 to 8 ACH. However, applying a higher air change rate than 8 ACH did 
not improve thermal comfort significantly. The critical air change rate beyond which no significant 
improvement in absolute ODH26 values occurred, increased with decreasing thermal mass. 
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Variation of the combined heat transfer coefficients (convection and radiation) in the range from 5.9 to 
10 W/m2K (EN ISO 6946 [38]) generally had a minor effect on overheating degree hours (Figure 17, right). 
The most significant effect was found for a light-weight office, where overheating degree hours were reduced 
from 464 to 377 Kh/a. Only little improvement was found for increased heat transfer coefficients (HTC) in the 
range from 10 to 22 W/m2K. However, night-time ventilation becomes increasingly inefficient for HTCs below 
about h = 4 W/m2K. 
Changing the air flow rate during the day mainly affected thermal comfort in cases where night-time 
ventilation is not very effective, i.e. in light or medium-weight buildings together with a high or medium level 
of internal heat gains (Figure 18). In such cases, heat gains were partly discharged during the day and 
overheating decreased with increasing air change rate. In contrast, overheating increased slightly in cases 
with very good thermal comfort (ODH26 < 50 Kh/a), when the air flow rate during the day was increased. In 
cases with good night ventilation performance with daytime indoor air temperatures below the ambient 
temperature, an increased air flow rate during the day causes additional heat gains. 
 
Figure 18. Overheating degree hours (ODH) above 26 °C as a function of air change rate during the day for 
different building constructions and different levels of internal heat gains; 6 ACH; heat transfer coefficients 
h = 7.7 W/m2K (all surfaces, day and night); Zurich, ANETZ 1996-2005. 
4.3 Discussion and conclusions 
Night-time ventilation performance was found to be highly sensitive to climatic conditions, which 
demonstrates the significance of high-quality climatic data for building energy simulations. Furthermore, 
simulations based on commonly-used semi-synthetic one year data sets such as Meteonorm or DRY data 
tend to underestimate the extent of overheating compared to weather data measured in recent years. 
Therefore, for reliable thermal comfort predictions the application of up-to-date climatic data from long-term 
measurements including extreme weather conditions is recommended. Because of the gradually warming of 
the global climate, continuous updating of weather data for building simulation is needed. 
Simulations with different night ventilation air change rates clearly demonstrated the effectiveness of night-
time ventilation, as increased flow rates significantly reduced overheating degree hours. However, increasing 
the air flow rate above a certain value – a critical air flow rate depending on building construction and heat 
gains – did not lead to further improvement worth mentioning. On the other hand, the very high sensitivity to 
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night ventilation air change rates up to about 4 ACH makes predictions of thermal comfort very uncertain. 
This is especially true for buildings using natural night ventilation, where the air change rate depends on 
ambient temperature and wind conditions. If natural ventilation is driven by buoyancy forces, low air flow 
rates coincide with a high external temperature, and the cooling effect is smallest during warm periods. In 
cases where air change rates in a range of high sensitivity are to be expected, the application of a hybrid 
ventilation system should be considered. A shortfall of the critical air flow rate can thus be prevented and the 
risk of overheating can be reduced. 
Due to high air change rates and high air flow velocities, increased heat transfer is expected during night-
time ventilation. However, only little improvement of thermal comfort was found for heat transfer coefficients 
in the range from 10 up to 22 W/m2K. On the other hand, if all surfaces have a similar temperature which is 
higher than the room temperature – a typical situation during night-time ventilation – a combined heat 
transfer model overestimates the radiative heat flow. Heat transfer coefficients for convection alone, 
however, can be as low as 0.7 W/m2K (EN ISO 13791 [39]; downward heat-flow at horizontal surfaces). 
Especially at the ceiling (downward heat-flow during night-time ventilation) free convection might be very 
limited and the reduced heat transfer could impair the efficiency of night-time ventilation. The simulation 
study showed a very high sensitivity for heat transfer coefficients below about h = 4 W/m2K. The wide range 
of possible heat transfer coefficients and the partially high sensitivity can cause major uncertainties in 
thermal comfort predictions. Therefore, convective and radiative heat transfer during night-time ventilation 
needs to be investigated in more detail.  
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5 Experiments on heat transfer during night-time ventilation 
The convective heat transfer at internal room surfaces is highly affected by the indoor air temperature 
distribution and the near-surface velocities both of which can vary significantly depending on the air flow 
pattern in the room. Additionally, if the surfaces of a room differ in thermal capacity or heat transfer, their 
temperature will also differ and radiation becomes significant. This study provides a detailed analysis of 
convection and radiation during night-time ventilation depending on the air flow rate and the initial 
temperature difference between the inflowing air and the room. Heat transfer in case of mixing and 
displacement ventilation has been investigated in a full scale test room. The main active thermal mass of the 
test room was located in the ceiling which represents a typical situation in offices [71]. 
5.1 Setup of the test room 
A test room at Aalborg University – a wooden construction insulated with 100 mm rock wool – was rebuilt for 
the experimental investigation of the heat transfer during night-time ventilation. For increased thermal mass 
a heavy ceiling element consisting of 7 layers of 12.5 mm gypsum boards was installed [72]. The walls and 
the floor were insulated with 160 mm (floor: 230 mm) expanded polystyrene (EPS). After installation of the 
insulation the internal dimensions were 2.64 m x 3.17 m x 2.93 m (width x length x height) resulting in a 
volume of 24.52 m3. A detailed description of the test room can be found in [73]. 
A mechanical ventilation system was installed to supply air at a defined temperature to the test room, 
providing an air flow rate ranging from 2.3 to 13 air changes per hour (ACH). Two different air distribution 
principles representing mixing and displacement ventilation were investigated (Figure 19). 
                   
Figure 19. Configurations of the air in- and outlet openings of the test room for mixing (left) and 
displacement ventilation (right). 
In total 110 thermocouples were installed in the ceiling element to measure the temperature at 22 positions 
and 5 different layers (including the internal surface). 18 hot sphere anemometers were installed to measure 
the air flow velocity close to the ceiling. At the wall and floor surfaces temperatures were measured at 3 
positions each. Additional thermocouples were installed to measure air temperatures close to the surfaces 
and in the symmetric plane of the room. Also the in- and outflowing air temperatures were measured by 
thermocouples. The air flow rate was measured using an orifice and a micro-manometer.  
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5.2 Procedure for experiments and data evaluation 
In each experiment the response of the test room to a step in the air flow rate (inflow temperature below 
room temperature) was measured for at least 12 hours. In total 16 experiments with different air distribution 
modes, air change rates (ACR) and initial temperature differences (ΔT0) were conducted (Table 4).  
Table 4. List of experiments. 
No Air distribution mode ACR (ACH) ΔT0 (K) 
1 Mixing ventilation 2.3 7.9
2 Mixing ventilation 3.3 4.3
3 Mixing ventilation 3.3 10.2
4 Mixing ventilation 6.7 2.9
5 Mixing ventilation 6.8 6.1
6 Mixing ventilation 6.6 8.9
7 Mixing ventilation 13.1 2.9
8 Mixing ventilation 13.2 4.0
9 Mixing ventilation 13.1 5.3
10 Mixing ventilation 13.3 9.2
11 Displacement ventilation 3.1 10.1
12 Displacement ventilation 6.7 5.8
13 Displacement ventilation 6.7 11.3
14 Displacement ventilation 12.6 3.6
15 Displacement ventilation 12.6 6.0
16 Displacement ventilation 12.7 12.7
 
By way of example, Figure 20 shows temperature profiles measured during experiment no. 4, with mixing 
ventilation with 6.7 ACH and an initial temperature difference of ΔT0 = 2.9 K. Profiles A to E correspond to 
different layers of the ceiling element, where A is the internal surface and E is the external surface of the 
gypsum boards.  
For the evaluation of the heat transfer at the internal room surfaces, first the total surface heat flow 
(conduction in the material) for each section (22 at the ceiling and 3 at the other surfaces) was calculated. 
The conductive surface heat flow was determined by applying the measured boundary conditions (A and E in 
Figure 20) to a transient 1-dimensional finite difference model using an explicit scheme. Running the model 
resulted in the spatial temperature profile for each time step. For each section, i, the conductive heat flux, 
 at the surface was calculated from the spatial temperature gradient. The radiative heat flux,  
between the surfaces was determined from the measured surface temperatures and the view factors. The 
difference between conduction and radiation then yielded the convective heat flux,  for each section. 
The total convective heat flow,  was then yielded from integrating  over all surfaces. 
icondq ,& iradq ,&
iconvq ,&
totconvq ,& iconvq ,&
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Figure 20. Temperatures measured at the ceiling during the experiment no. 4 with mixing ventilation with 
6.7 ACH and an initial temperature difference of ΔT0 = 2.9 K (A-E: different layers of the ceiling, A: internal 
surface, E: external surface). 
5.3 Experimental results 
To compare temperature profiles in different experiments the dimensionless Temperature, θ was defined as, 
0
Inlet
T
TT
Δ
−=θ , (6) 
so that θ = 0 corresponds to the inlet air temperature and θ = 1 to the initial room temperature.  
To characterises the flow pattern of the inflowing air jet the ‘dimensional’ Archimedes number, Ar’ was 
defined as, 
( ) ( )622 , mKsVTTrA InletSurface &−=′ . (7) 
In mixing ventilation with a small Archimedes number (small temperature difference, high flow rate) the inlet 
air jet is attached to the ceiling, while for a high Archimedes number (large temperature difference, low flow 
rate) the air tends to drop down when entering the room. 
Figure 21 shows vertical temperature profiles and horizontal temperature profiles 30 mm below the ceiling in 
experiments with mixing and displacement ventilation, and each with a low and high Archimedes number. 
For small Archimedes numbers, due to the higher air flow rate the dimensionless room air temperature is 
generally lower, i.e. closer to the inlet air temperature.  
In the experiment with mixing ventilation and low Archimedes number (experiment no. 7) the temperature 
profiles clearly show the cold air jet close to the ceiling. Along the centre line the temperature increases 
almost linearly (Figure 21, c)). In the lower part of the room the air is mixed well, i.e. the temperature 
distribution is homogeneous. 
In case of mixing ventilation and a high Archimedes number (experiment no. 3) the cold inflowing air drops 
down. Except for a small area close to the inlet opening, the air temperature close to the ceiling is very high 
and homogeneously distributed.  
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In the experiments with displacement ventilation (experiments no. 11 and 14) the temperature profiles are 
similar, showing a clear stratification with the largest gradient close to the ceiling. Along the ceiling the air 
temperature is distributed homogeneously with a slight decrease towards the outlet opening. 
            
 
Figure 21. Temperature profiles (dimensionless temperature θ) comparing experiments no. 3, 7, 11 and 14; 
a) Vertical profiles (x = 1.31 m, z = 1.32 m); b), c) Horizontal profiles close to the ceiling (y = 2.9 m, b) x = 
1.31 m, c) z = 1.32 m); mean values of the 12th hour.  
The different air flow pattern and the development of the air jet also affect the heat transfer at the ceiling. To 
demonstrate this, the ratio of the convective and the total heat flow from the ceiling was defined as, 
Ceilingcond
Ceilingconv
Q
Q
,
,
&
&
=γ . (8) 
Figure 22 shows the convection ratio, γ  depending on the ‘dimensional’ Archimedes number, Ar’. During 
experiments with mixing ventilation, for small Archimedes numbers the inlet air jet is attached to the ceiling 
and the convection ratio is large. For higher Archimedes numbers the jet tends to drop down. In this case a 
smaller proportion of the total heat flow is due to convection and radiation becomes dominant. In 
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displacement ventilation, the air flow pattern does not change depending on buoyancy effects and the impact 
of Ar’ is small. In all experiments with displacement ventilation less than 32 % of the heat flow from the 
ceiling is due to convection.  
 
Figure 22. Ratio γ of convective to total heat flow from the ceiling depending on Ar’ for mixing and 
displacement ventilation; hourly values, first hour excluded. Uncertainty estimate for γ : ± 0.11 [73]. 
Comparing different experiments shows that the mean convective heat flux from all internal room surfaces 
scales linearly with the difference between the mean surface temperature and the inflowing air temperature. 
This means, that the average heat transfer coefficient, ( )InletSurfacetotconv TTqh −=′ ,& , defined using the inlet 
air temperature instead of the room air temperature, is almost constant during each experiment and for 
experiments with different inflowing air temperatures (Figure 23).  
 
Figure 23. Mean convective heat flux from all surfaces depending on the difference between the mean 
surface temperature and the inlet air temperature; hourly values, first hour excluded; different colours relate 
to different experiments. Uncertainty estimate for : ± 16 % totconvQ ,& [73]. 
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The performance of night-time ventilation can be described by the temperature efficiency of the ventilation: 
InletSurface
InletOutlet
TT
TT
−
−=η  (9) 
The temperature efficiency yielded from the measurements mainly depends on the air distribution mode and 
the air change rate (Figure 24). During each experiment (excluding the first hour) and for different inlet air 
temperatures the efficiency is almost constant.  
 
Figure 24. Temperature efficiency η depending on the air change rate for mixing and displacement 
ventilation; hourly values, first hour excluded. Fitted curves with estimated uncertainty bands (± 14 % [73]) 
In a perfectly mixed room, during night-time cooling ( SurfaceInlet TT <  and without internal heat sources) the 
temperature efficiency is limited to 1. The values found in experiments with mixing ventilation decrease 
slightly with increasing air change rate. In displacement ventilation at small air flow rates, the temperature 
stratification can result in an efficiency exceeding 1. For higher air change rates, the decrease in the 
efficiency is more distinct for displacement ventilation than for mixing ventilation. 
5.4 Conclusion 
The experimental results clearly demonstrated the interaction of convective and radiative heat flows contrib-
uting to the total heat flow discharged from a room during night-time ventilation. For mixing ventilation, differ-
ent flow characteristics significantly affect the ratio of the convective to the total heat flow from the ceiling. In 
cases with low convective heat transfer at the ceiling (mixing ventilation at high Archimedes number or dis-
placement ventilation) large differences in surface temperatures cause higher radiative heat flows from the 
ceiling to the floor.  
Nonetheless, it is beneficial to prevent warm air from accumulating below the ceiling. In displacement ventila-
tion this is achieved through the location of the outlet opening close to the ceiling. At low air flow rates, the 
temperature stratification and the high location of the outlet opening results in a very high temperature effi-
ciency ( 1>η ). In mixing ventilation warm air should be removed from the ceiling by the inflowing air jet. 
However, only at a relatively high air change rate (above about 10 ACH) the effect of the air jet flowing along 
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the ceiling becomes significant and mixing ventilation is more efficient. Therefore, if a low air flow rate is ex-
pected, the outlet opening should be placed as close to the ceiling as possible. 
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6 Design method for concept design phase 
The findings from the previously described studies shall be combined to develop a practicable method for the 
estimation of the potential for cooling by night-time ventilation during an early stage of design. 
6.1 Design method 
The climatic conditions can be characterised by the climatic cooling potential, CCP (Kh), the thermal mass of 
the building can be estimated by the dynamic heat storage capacity, cdyn (kJ/m2K), and the air flow pattern 
including the resulting heat transfer can be described by the temperature efficiency of the ventilation, η . 
In order to assure thermal comfort two criteria need to be satisfied: 
1. The thermal capacity of the building needs to be sufficient to accumulate the daily heat gains within 
an acceptable temperature variation. 
2. The climatic cooling potential and the effective air flow rate need to be sufficient to discharge the 
stored heat during the night. 
If both criteria are satisfied for each day of the year, the building temperature will stay within the comfort 
range which was defined to assess the amount of thermal mass and the climatic cooling potential. As the 
heat gains and the climatic cooling potential are highly variable, it might not be possible to satisfy both 
criteria for every day of the year. In this case a certain extent of overheating will occur especially during hot 
periods, when high heat gains coincide with a low cooling potential. Assessing the extent of overheating 
during hot spells requires a dynamic model considering all parameters jointly. However, for a first estimation 
during the concept design phase, the two criteria can be considered separately. Furthermore each day/night 
cycle is considered separately, and therefore dynamic effects with time periods longer than 24 hours are not 
taken into account. 
To assess the necessary amount of thermal mass, the daily heat gains, Qd (Wh) need to be estimated and 
the maximum acceptable daily temperature variation, ΔT (K) needs to be determined. For the internal heat 
gains, the heat from people, equipment and lighting need to be considered. The solar heat gains can be 
estimated from the solar irradiation, the glazed area and the total solar energy transmittance (g-value) of the 
facade. If the outdoor temperature is higher than the indoor temperature, additional heat gains arise from 
thermal transmission and ventilation during the day. 
The total amount of dynamic heat storage capacity, Cdyn (J/K) can then be estimated as, 
T
hsQAcC d
i
iidyndyn Δ
⋅>⋅= ∑ 3600,  (10) 
In the calculation of the heat storage capacity, cdyn of the building elements in the room, the surface heat 
transfer during the day needs to be considered (see Figure 8). In the European Standard prEN 15251 [54] 
ranges for thermal comfort are given in three categories, A: 2 K, B: 3 K and C: 5 K. According to the 
ASHRAE Standard 55 [70] the thermal comfort range is 5 K (PPD: 10 %) to 7 K (PPD: 20 %). Additionally, 
the maximum temperature drift for a 4 h period is given as 3.3 K. Generally broader temperature ranges are 
acceptable in non-air-conditioned buildings [74]. 
The estimation of the air change rate and daily cooling potential, CCPd necessary to discharge daily heat 
gains, Qd is based on the conservation of energy during one daily cycle of charging and discharging the 
thermal mass: 
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dAirpAirFloord CCPchs
ACRHAQ ⋅⋅⋅⋅⋅⋅= ,3600 ρη  (11) 
where η  is the temperature efficiency of the ventilation, AFloor the floor area, H the room height, Airρ  the 
density of air and  the heat capacity of air. The daily cooling potential, CCPAirpc , d available at a certain 
location can be determined from cumulative distributions as presented in Figure 5. 
Rearranging equation 11 yields the daily heat gains per unit floor area and CCPd (Wh/m2Kh), which can be 
discharged at a given air change rate (ACH) depending on the temperature efficiency, η: 
AirpAir
dFloor
d c
hs
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Q
,3600
⋅⋅⋅⋅=⋅ ρη  (12) 
For the temperature efficiency, found in the experiments with mixing and displacement ventilation (section 5) 
this correlation is shown in Figure 25. This diagram provides a descriptive illustration of night-time ventilation 
performance. Additionally, such a diagram can be used as design chart to estimate the air flow rate, 
necessary to discharge daily heat gains at a given CCPd. However, in order to make this method more 
generally applicable, further work is needed to determine the temperature efficiency for various room 
geometries, constructions (amount and location of thermal mass) and air distribution principles (location of 
inlet and outlet openings). A catalogue of design charts for various cases will be of immediate use for 
estimating the performance of night-time ventilation during the concept design phase. 
 
Figure 25. Heat discharged during night-time ventilation per unit floor area and daily CCP depending on the 
air change rate; based on experimental results for mixing and displacement ventilation (including range of 
uncertainty [73]) and lines of constant efficiency η ; room height H = 2.93 m. 
6.2 Example of application 
An example shall be given to illustrate the application of the previously described design method for the 
office room defined for the simulation study (see section 4) located in Zurich: 
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1. Heat gains 
Three different levels of internal heat gains, low (159 Wh/m2), medium (229 Wh/m2) and high (313 Wh/m2) 
were defined for the parameter study. 
Additionally, solar heat gains need to be considered. In the simulation model, the office room had two 
windows (total glazed area, AGlass = 4.05 m2) on the South façade. With the solar shading device closed, the 
total solar energy transmittance, g was 16 %. Assuming solar irradiation on a sunny day in July of 
I = 2000 Wh/m2 yields: 
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For the total daily heat gains follows: 
• Low gains: Qd / AFloor = 224 Wh/m2 
• Medium gains: Qd / AFloor = 294 Wh/m2 
• High gains:  Qd / AFloor = 378 Wh/m2 
2. Thermal mass 
For the calculation of the dynamic heat storage capacity of the building elements the heat transfer coefficient 
was assumed as h = 7.7 W/m2K. For the three cases defined for the simulation study the dynamic heat 
storage capacity per unit floor area amounts to [62]:  
• Light-weight: Cdyn / AFloor = 131 kJ/m2K 
• Medium-weight: Cdyn / AFloor = 180 kJ/m2K 
• Heavy-weight:  Cdyn / AFloor = 287 kJ/m2K 
Applying equation 10, the maximum daily temperature variation, ΔT resulting for the different cases can be 
determined (Table 5). Aiming a maximum daily temperature variation of 5 to 6 K leads to the following 
conclusions: 
• Low gains: Light- or medium-weight construction 
• Medium gains: Medium-weight construction 
• High gains:  Heavy-weight construction 
Table 5. Maximum daily temperature variation ΔT (K) depending on building construction and daily heat 
gains.  
 
Low gains 
(224 Wh/m2) 
Medium gains 
(294 Wh/m2) 
High gains 
(378 Wh/m2)
Light-weight (131 kJ/m2K) 6.2 K 8.1 K 10.4 K
Medium-weight (180 kJ/m2K) 4.5 K 5.9 K 7.6 K
Heavy-weight (287 kJ/m2K) 2.8 K 3.7 K 4.7 K
 
Design method for concept design phase  37 
3. Temperature efficiency 
For this example the temperature efficiency found in the experiments (section 5) during mixing ventilation 
was assumed. The equation for the fitted curve is 
2966.01538.01 ACR⋅−=η . (14) 
4. Climatic cooling potential 
The climatic cooling potential is computed according to the definition in section 2.1 (equation 1) based on 
ANETZ data measured at Zurich SMA for the 10 years period 1996 to 2005. Figure 26 shows the cumulative 
frequency of CCP during the 50 warmest nights per year. In 15 nights per year CCP is below 60 Kh and 
there are 2 - 3 nights per year without any cooling potential. 
 
Figure 26. Climatic cooling potential, CCP for the period 1996-2005 at Zurich SMA (based on ANETZ data). 
The CCP needed to discharge the daily heat gains is assessed as (cf. equation 11): 
AirpAirFloor
d
cHACRA
QCCP
,
hs3600
⋅⋅⋅⋅⋅= ρη , (15) 
with room height H = 2.6 m and kgKJ1142, =⋅ AirpAir cρ . 
5. Night ventilation air change rate 
Depending on the air change rate the number of days per year with insufficient CCP can be assessed from 
the cumulative frequency distribution. For the three levels of heat gains Figure 27 shows the risk for 
overheating depending on the air change rate. In all cases the risk for overheating is reduced rapidly with 
increasing air change rate to about 7 to 8 days per year. However, even at 30 ACH a risk of overheating on 4 
to 5 days per year remains.  
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Figure 27. Number of days per year with a risk of overheating depending on the air change rate for low, 
medium and high heat gains.  
For the three levels of heat gains, the air change rates needed to limit the risk of overheating to 7 days per 
year are:  
• Low gains: ACR = 9 ACH 
• Medium gains: ACR = 12 ACH 
• High gains:  ACR = 16 ACH 
6.3 Comparison with simulation results 
In order to verify the design method, the different case examples were simulated with the suggested air 
change rates (low gains: 9 ACH, medium gains: 12 ACH, high gains: 16 ACH). Table 6 gives the number of 
days when the operative room temperature exceeds 27 °C which was the maximum of the building 
temperature in the definition of CCP. In the recommended cases the operative room temperature exceeds 
27 °C on 3.8 (low gains/light-weight), 2.7 (medium gains/medium weight) and 0.7 (high gains/heavy-weight) 
days per year, while the design method predicted a risk of overheating on 7 days per year in all cases.  
Table 6. Number of overheating days with operative room temperature exceeding 27 °C (days per year) 
based on simulations.  
 
Low gains 
(224 Wh/m2) 
9 ACH 
Medium gains 
(294 Wh/m2) 
12 ACH 
High gains 
(378 Wh/m2) 
16 ACH 
Light-weight (131 kJ/m2K) 3.8 d/y* 8.6 d/y 22.0 d/y 
Medium-weight (180 kJ/m2K) 1.5 d/y 2.7 d/y* 5.8 d/y 
Heavy-weight (287 kJ/m2K) 0.5 d/y 0.7 d/y 0.7 d/y*
* Cases recommended based on the design method 
 
This comparison suggests that the design method overestimates the risk for overheating. There are various 
possible reasons to explain this: 
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• As discussed in [52], in some cases the assumption of a harmonically oscillating building 
temperature results in an underestimation of CCP. Due to its definition the building temperature 
starts to decrease at 7 pm even if the external temperature is not low enough for effective night-time 
ventilation. This results in CCP = 0, although there might be a cooling potential during the late night 
hours if the building temperature would remain at a constant level until ventilation starts (cf. Figure 
3). 
• In the simulations ventilation with 2 ACH was considered during the day to ensure indoor air quality. 
In the mild climate of Zurich the external temperature is mostly below the indoor temperature, and 
therefore the heat gains are partially discharged by ventilation during the day. To account for this 
effect it could be assumed, that only a certain fraction of the heat gains needs to be discharged by 
night-time ventilation. However, the discharge of heat during the day highly depends on climatic 
conditions. To be on the safe side, it is recommended to design night-time ventilation for the total 
daily heat gains. Additionally in the simulation no heat gains were assumed during weekends. 
• In the example the temperature efficiency measured in the experiments during mixing ventilation was 
applied, while in the simulations the coefficient for combined heat transfer was assumed as 
7.7 W/m2K. As discussed in section 4.2 a combined heat transfer model might overestimate radiation 
during night-time ventilation. 
• In the simulation night-time ventilation was terminated when the mean surface temperature fell below 
20 °C, i.e. the maximum daily temperature variation without exceeding 27 °C was 7 K. In the 
suggested case examples the temperature variation was in the range from 4.7 to 6.2 K. Comparing 
the case examples shows that the overestimation of overheating by the design method is highest in 
cases with a small daily temperature variation. This means that increasing the thermal mass does 
not only decrease the daily temperature variation but also gives additional safety in the ventilation 
rate. 
• In case of oversized thermal mass (daily temperature variation smaller than the acceptable thermal 
comfort range), insufficient cooling potential in one single night will not cause overheating on the next 
day. Only after several consecutive nights of insufficient CCP the temperature of the thermal mass 
will gradually increase and finally the room temperature will exceed the limit for thermal comfort. In 
the design method based on daily CCP this dynamic effect can not be accounted for. Therefore, in 
the detailed design phase a dynamic building simulation should be performed. 
6.4 Concluding remarks 
Although there are some limitations, the example showed that the proposed design method gives valuable 
results for the estimation of the thermal capacity and the airflow rate needed to ensure thermal comfort by 
night-time cooling. This method is recommended for a first estimation during the concept design phase and 
is not meant to replace a detailed analysis by means of dynamic building energy simulations. 
The model most commonly used in building energy simulation assumes a homogeneous room air 
temperature and the outflowing air temperature being equal to the room air temperature. During 
displacement ventilation, due to the temperature stratification, some of the internal room surfaces (e.g. the 
floor) can be colder than the outflowing air. As the temperature of this surface,  is still higher than 
the air close to it, the surface releases heat to the air ( ). For a one-air-node model this results in a 
negative heat transfer coefficient: 
iSurfaceT ,
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An alternative approach could be to use the temperature efficiency, η  to calculate the total heat flow 
discharged from a room in a dynamic model. In this model, the efficiency represents the heat transfer at all 
room surfaces (including radiation), which supersedes the definition of heat transfer coefficients for single 
surfaces. However, such a model does not give the heat flows from different room surfaces separately. 
Therefore the entire thermal mass of the room needs to be modelled as one element with a homogeneous 
surface temperature. A possible approach for representing the thermal mass of a room (or building) using a 
virtual sphere model has been proposed by Li and Yam [75]. The applicability of the temperature efficiency 
and the virtual sphere model in a dynamic building energy simulation, however, needs further investigation. 
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7 Conclusions 
For quantifying the climatic potential for night-time cooling a degree-hours method was developed, 
evaluating the utilisable difference between the building and the ambient temperature. The method for 
calculating the climatic cooling potential (CCP) is basically suitable for all building types, regardless of 
building-specific parameters. This was achieved by basing the approach solely on a building temperature 
variable within a temperature band given by summertime thermal comfort.  
Applying this method to European climate data displayed an obvious gradient in CCP decreasing from North 
to South. Under current climatic conditions, the potential for passive cooling by night-time ventilation was 
found to be very significant in Northern Europe (including the British Isles), and still sufficient in most nights 
of the year in Central and Eastern Europe. However, a risk of thermal discomfort on a few days per year 
exists, depending on building design and heat gains. In Southern Europe passive night-time cooling might 
not be sufficient the whole year round, but can still be used in hybrid cooling systems. 
A detailed analysis of data from future climate projections until the end of the 21st century showed that night-
time cooling potential will cease to be sufficient to assure thermal comfort in many Southern and Central 
European buildings. In Northern Europe, a significant cooling potential is likely to remain, at least for the next 
few decades. At the same time the cooling demand increases which results in a shift of possible applications 
from South to North and from summer to spring and autumn. Due to uncertainties in climate projections, 
upper and lower bound estimates for future CCP were found to diverge strongly in the course of the 21st 
century. Therefore, the need for adaptive building design taking into account a wide range of possible 
climatic boundary conditions becomes evident. 
The high sensitivity of night cooling to climatic conditions was confirmed in a parameter study based on 
building energy simulation (HELIOS). Simulations based on commonly-used semi-synthetic one year data 
sets such as Design Reference Year (DRY) or Meteonorm [55] data were found to underestimate the extent 
of overheating compared to measured weather data. Therefore, for reliable summer thermal comfort 
predictions the application of long term measured climate data including extreme periods is recommended.  
The building energy simulation study also revealed a high sensitivity to the surface heat transfer, if heat 
transfer coefficients were below about 4 W/m2K. Convective heat transfer coefficients at internal room 
surfaces however vary in a wide range from 0.7 W/m2K given for downward heat flow at horizontal surfaces 
[39], to values above 20 W/m2K in cases with high air flow velocities. Applying the standard definition of heat 
transfer coefficients – based on the difference between the surface temperature and the average room air 
temperature – the temperature stratification in case of displacement ventilation can even result in negative 
heat transfer coefficients at individual surfaces.  
A practicable method to evaluate the potential for night cooling was proposed. In order to assure thermal 
comfort two criteria need to be satisfied, i.e. (i) the thermal capacity of the building needs to be sufficient to 
accumulate the daily heat gains within an acceptable temperature variation and (ii) the climatic cooling 
potential and the effective air flow rate need to be sufficient to discharge the stored heat during the night. 
The amount of thermal mass needed to accumulate daily heat gains can be assessed based on the dynamic 
heat capacity of the building elements. Using a design chart, the minimum air flow rate necessary to 
discharge the stored heat can be estimated based on the climatic cooling potential and the temperature 
efficiency. This approach might mainly be helpful during the concept design phase of a building. For a more 
detailed analysis of the summertime transient thermal behaviour, the temperature efficiency can also be 
applied to determine the total heat flow in a dynamic simulation.  
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Experimental results showed, that for displacement ventilation at low air flow rates, the temperature 
stratification and the high location of the outlet opening results in a very high temperature efficiency ( 1>η ). 
In mixing ventilation warm air is supposed to be removed from the ceiling by the inflowing air jet. However, 
only at a relatively high air change rate (above about 10 ACH) the effect of the air jet flowing along the ceiling 
becomes significant and mixing ventilation is more efficient. Therefore, if a low air flow rate is expected, the 
outlet opening should be placed as close to the ceiling as possible.  
Considering higher comfort expectations, increasing heat gains and the gradually warming climate, a rapid 
increase in cooling energy demand is expected if mechanical air conditioning systems are applied. As peak 
cooling loads occur coincidentally over large areas, a very high peak load capacity would be needed to 
prevent extensive breakdowns of electric power supply. Additionally, substantial greenhouse gas emissions 
are related to the increased energy demand, while actually a significant reduction of emissions will be 
necessary to restrain climate warming to an acceptable limit. This demonstrates the great need for the 
application of passive and low energy cooling methods. Overall, this PhD study showed that night-time 
ventilation holds a high potential to reduce cooling energy demand in Central, Eastern and Northern Europe. 
It is hoped, that the findings of this study will contribute to a more frequent application of passive cooling 
methods. 
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8 Recommendations for future work 
The method proposed for assessing the heat flow discharged during night-time ventilation is based on the 
temperature efficiency of the ventilation. In the experiments conducted, the temperature efficiency during 
mixing and displacement ventilation was determined for a test room with a heavy ceiling and light-weight 
walls and floor. In order to make this method more generally applicable, further work is needed to determine 
the temperature efficiency for various room geometries, constructions (amount and location of thermal mass) 
and ventilation systems (location of inlet and outlet openings). 
Additionally the presence of furniture might have a significant impact on the air flow, the heat transfer, and 
the resulting temperature efficiency. On the one hand, furniture might constrain the heat transfer at the floor 
and wall surfaces. On the other hand, the large surface area of furniture might increase the total convective 
heat flow. Even if furniture does not contribute much to the total heat storage capacity of a room, the 
temperature of its surfaces drops quickly and heat is transferred from heavy-weight building elements by 
radiation. Furthermore the presence of furniture might completely change the air flow pattern in a room. 
A possible approach to investigate a large number of different cases could be the application of 
computational fluid dynamics (CFD). As the time constant of building elements is typically much longer than 
the time constant of the room air, a steady state CFD model is believed to be sufficient to determine the 
temperature efficiency. To induce a temperature gradient between the thermal mass and the supply air a 
heat source is needed in a steady state model. In order to achieve a realistic surface temperature 
distribution, a heat source (constant temperature or constant heat flow density) at the external surface of 
heavy-weight building elements is suggested. Initial CFD simulations using such a model appeared to be 
promising. 
In case of displacement ventilation the temperature stratification can result in negative heat transfer 
coefficients according to the standard definition based on the difference between the surface temperature 
and the average room air temperature. In order to avoid a physically meaningless definition of negative heat 
transfer coefficients, the temperature efficiency of the ventilation could possibly be used to model the total 
heat flow discharged during night-time ventilation. Furthermore, the temperature efficiency is based on the 
difference between the average internal surface temperature and the inflowing air temperature, and thus the 
assumption of a homogeneous room air temperature can be avoided. The applicability of this approach could 
be investigated by comparing simulation results from different models to experimental data. 
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Abstract
Due to an overall trend towards less heating and more cooling demands in buildings in many
European countries over the last few decades, passive cooling by night-time ventilation is seen as
a promising technique, particularly for commercial buildings in the moderate or cold climates of
Central, Eastern and Northern Europe. The basic concept involves cooling the building structure
overnight in order to provide a heat sink that is available during the occupancy period. In this study,
the potential for passive cooling of buildings by night-time ventilation was evaluated by analysing
climatic data, without considering any building-speciﬁc parameters. An approach for calculating
degree–hours based on a variable building temperature – within a standardized range of thermal
comfort – is presented and applied to climatic data of 259 stations all over Europe. The results show
a high potential for night-time ventilative cooling over the whole of Northern Europe and still sig-
niﬁcant potential in Central, Eastern and even some regions of Southern Europe. However, due to
the inherent stochastic properties of weather patterns, a series of warmer nights can occur at some
locations, where passive cooling by night-time ventilation alone might not be suﬃcient to guarantee
thermal comfort.
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1. Introduction
During the last few decades, a trend towards increasing cooling demand in buildings
has been observed in Europe. Especially in commercial buildings, more and more air-con-
ditioning systems are being installed, even in moderate and cold climates such as in Central
or Northern Europe. This increase in cooling demand is due to higher internal loads and –
particularly in modern buildings with extensive glazing – higher solar gains. Additionally,
increased comfort expectations in summer time and the gradual warming of our climate
are contributing to the rise in cooling demand. Mainly in Southern European residential
buildings, cooling is also becoming more popular. While the heating demand can be eﬀec-
tively reduced by installing thermal insulation, cooling plays a more signiﬁcant role in the
overall energy demand of buildings.
Particularly in moderate climates, such as in Switzerland, Germany or the UK, and
cold climates such as in Scandinavia, with relatively low night-time temperatures even
in summer, passive cooling of buildings by night-time ventilation seems to be a promising
technique. The basic concept involves cooling the building structure overnight in order to
provide a heat sink that is available during occupancy periods [1–3]. Such a strategy could
guarantee the daytime thermal-comfort of building occupants without mechanical cooling
or, at least, with a lower daytime cooling energy requirement.
The ventilation can be achieved by mechanically forcing air through ventilation ducts,
but as well by natural ventilation through the windows. Also hybrid systems combining
the two methods are often used. Thereby fans are only used if natural forces – thermal
buoyancy and wind – are not strong enough to ensure suﬃcient ventilation rates.
However, night-time ventilation is highly dependent on climatic conditions, as a suﬃ-
ciently high temperature-diﬀerence between ambient air and the building structure is
needed during the night to achieve eﬃcient convective cooling of the building mass. Givoni
[4–6] recommends the application of night-time cooling mainly for arid regions, where
comfortable indoor conditions cannot be achieved by daytime ventilation and where
night-time temperatures are below about 20 C. For the daytime temperature, a range
between 30 and 36 C is given.
In order to analyse the potential of diﬀerent passive cooling strategies, Roaf et al. [7]
also suggest, as a criterion for building cooling by night-time ventilation, a minimum
night-time temperature of 20 C in combination with a mean maximum temperature of
less than 31 C. The mean maximum temperature was found to be the limiting criterion.
Maps of the July mean maximum temperature for the current epoch as well as for 2050,
taking into account temperature increases due to climate warming, are presented.
Another approach to the analysis of climate suitability for natural ventilation of com-
mercial buildings is presented by Axley and Emmerich [8]. Night-time ventilation is calcu-
lated on the basis of the assumption of a constant building-temperature (inﬁnite building
mass), and is only applied when daytime comfort ventilation is not eﬃcient. This approach
is applied to four diﬀerent locations in diﬀerent climatic zones of the United States. Cool-
ing by natural ventilation was found to be feasible and eﬀective in the cooler locations for
moderate to high speciﬁc internal-gains, but not for hot and humid climates, as for exam-
ple in Miami, FL, where relatively high night-time ventilation rates would be needed to
oﬀset moderate speciﬁc internal-gains.
Many of these studies focus on residential buildings, where cooling is usually only
needed in hot climates. However, given the increasing cooling demand in commercial
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buildings in moderate and even in cold climates, night-time ventilation is also seen as a
valuable alternative to air-conditioning in these kinds of buildings. In these buildings, win-
dows often cannot be opened during the occupancy period because of traﬃc noise or wind
speed at high elevation and, therefore, daytime ventilation is not feasible.
The purpose of this study is to evaluate the climatic potential for passive cooling of
buildings by night-time ventilation in all climatic zones of Europe by analysing climatic
data.
2. Method
Amethod was developed, veriﬁed and applied which is basically suitable for all building
types, regardless of building-speciﬁc parameters. This is because the approach is just based
on a building temperature variable within a temperature band given by summer time ther-
mal comfort.
2.1. Climatic data
Hourly air-temperature data are needed to analyse the climatic potential for passive
cooling of buildings by night-time ventilation. In order to analyse the European climate,
the potential for night-time cooling has to be calculated for many locations. Two sources
of temperature data were employed in this study.
For Switzerland, high-quality long time-series of measured hourly-temperature data are
available. The automatic measurement network (ANETZ) consisting of 72 stations was
launched in the early 1980s. ANETZ is operated by the National Weather Service (Mete-
oSwiss) and measures, in addition to air temperatures 2 m above ground level, a range of
meteorological parameters.
The commercial database Meteonorm [9] provides semi-synthetic meteorological data
for 7400 stations around the world. Hourly air temperature data are generated on the basis
of measured long-term monthly mean values (mainly 1961–1990). The model used to gen-
erate hourly data is based on the assumption that the amplitude of the temperature var-
iation during daytime is approximately proportional to the amplitude of the daily
global radiation proﬁle and thus the temperature proﬁle is calculated by transforming
the radiation proﬁle. The method was validated for diﬀerent locations [9]. For this study,
259 meteorological stations in densely-populated locations all over Europe were selected
to map the climatic potential for cooling of buildings by night-time ventilation. Stations
at very high elevations, e.g. in the Alps, were not considered because these data do not rep-
resent climates that many buildings are exposed to.
To give an overview of the European climatic conditions in summer, temperature maps
are presented. As night ventilation is only eﬀective if the ambient temperature is well below
the inside temperature of a building, the most important climatic parameter for the appli-
cability of night-time ventilative cooling is the minimum night-temperature. Mapping of
temperature data was done by means of a commercial software package (Matlab Mapping
Toolbox). For each grid point, the three nearest weather stations were selected and an
interpolation algorithm employed that was based on weighted mean values using qua-
dratic distances between grid point and location of weather stations. Fig. 1 shows the
mean values of the daily minimum temperatures in July. Considering a minimum night
temperature of 20 C as a threshold, as stated by Givoni [4], night-time ventilative cooling
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seems to be applicable, except for most southern regions, over the whole of Europe. How-
ever, due to the inherent stochastic properties of weather patterns, nights with much
higher minimum temperatures can occur in regions where the monthly mean value of daily
minimum temperatures is below 20 C.
Passive cooling by night-time ventilation seems to be of most interest in climates with
high maximum temperatures (high cooling demand) and low minimum temperatures (high
cooling potential). Therefore, the mean diﬀerence between minimum and maximum tem-
perature in July was computed for the same locations as described above and is displayed
in Fig. 2. The highest mean diﬀerences of 14–18 K can be found in continental regions in
Southern Europe. Here moderate night temperatures, together with very high tempera-
tures during the day, lead to high daily diﬀerences. On the other hand, very small diﬀer-
ences of only 4–8 K can be observed at some locations on the west coasts of the British
Isles, Northern Europe and Italy. In these regions the climate is inﬂuenced by a maritime
airﬂow from the Atlantic Ocean or the Mediterranean Sea, which leads to equalised
temperatures.
2.2. Deﬁnition of the ‘climatic cooling potential’ (CCP)
For the characterisation of a climate’s impact on the thermal behaviour of a building,
degree–days or degree–hours methods are often used. In this study, the mean climatic
potential for ventilative cooling during a time period of N nights, the CCP is deﬁned as
a summation of products between building/external air temperature-diﬀerence, Tb  Te,
and time interval:
Fig. 1. Mean daily minimum temperatures (C) for July based on Meteonorm data [9].
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CCP ¼ 1
N
XN
n¼1
Xhf
h¼hi
mn;hðT b;n;h  T e;n;hÞ
m ¼ 1 h if T b  T e P DT crit
m ¼ 0 if T b  T e < DT crit

ð1Þ
h stands for the time of day, where h 2 {0, . . ., 24 h}, hi and hf denote the initial and
the ﬁnal time of night-time ventilation, and DTcrit is the threshold value of the temper-
ature diﬀerence, when night-time ventilation is applied. In the numerical analysis, it was
assumed that night-time ventilation starts at hi = 19 h and ends at hf = 7 h. As a certain
temperature-diﬀerence is needed for eﬀective convection, night ventilation is only ap-
plied if the diﬀerence between building and ambient temperature is greater than
DTcrit = 3 K.
2.3. Building temperature
Because heat gains and night-time ventilation do not coincide in time, energy storage is
an inherent part of the concept. As building structures are almost always made of mate-
rials which are suitable for sensible energy storage only, such as concrete or brick, the tem-
perature of the building structure varies when energy is stored or released. To take this fact
into account, a variable building temperature is therefore used for the calculation of the
climatic cooling potential. In order to develop a model, which is as general as possible,
no building-speciﬁc parameters are employed. The building temperature Tb in C is
assumed to oscillate harmonically:
Fig. 2. Mean diﬀerences between minimum and maximum temperatures (K) in July based on Meteonorm data
[9].
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T b;h ¼ 24:5þ 2:5 cos 2p h hi
24
 
ð2Þ
Applying this deﬁnition, the maximum building temperature occurs at the initial time of
night-ventilation, hi, and as the ventilation time is 12 h, the minimum building temper-
ature occurs at the ﬁnal time hf (Fig. 3). Depending on the direction of the building fac¸-
ade and the ratio of internal and solar gains, the maximum building temperature
typically occurs between 2 pm (h = 14 h) and 6 pm (h = 18 h). Especially for high ther-
mal-mass buildings with high internal gains, a shift of the maximum to later hours is
expected.
The temperature range of Tb = 24.5 ± 2.5 C reﬂects the temperature range recom-
mended for thermal comfort in oﬃces. In the CEN report CR 1752 [10], three diﬀerent
categories of thermal comfort are deﬁned, each based on a mean temperature of 24.5 C
(category A ± 1 C, category B ± 1.5 C, category C ± 2.5 C). The international standard
ISO 7730 [11] also recommends a temperature range of T = 24.5 ± 1.5 C. However,
recent studies have shown that broader temperature ranges seem to be acceptable in
non-air-conditioned buildings [12]. Category C of CR 1752, corresponding to an extension
of the temperature range stated in ISO 7730, was therefore employed.
2.4. Practical signiﬁcance of CCP
To discuss the practical signiﬁcance of the calculated degree–hours, an example will be
given. The following simple calculation should be seen as a rough analysis only and is not
intended to replace a detailed simulation of a speciﬁc building at a given location by means
of a building energy-simulation code.
It is assumed that the thermal capacity of the building mass is suﬃciently high and
therefore does not limit the heat storage process. If the building is in the same state after
one cycle, the heat Qcharge, which charges the building structure during the occupancy per-
iod tocc, is equal to the heat Qrelease, which is released by night ventilation. The mean heat-
ﬂux during the storage process _q, per room area A, can then be calculated as follows:
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Fig. 3. Building temperature Tb and external air temperature Te during one week in summer 2003 for Zurich
SMA (ANETZ data). Shaded areas illustrate graphically the climatic cooling potential.
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_q ¼ Qcharge
Atocc
¼ Qrelease
Atocc
¼ _mcp
Atocc
CCP ð3Þ
The eﬀective mass ﬂow rate _m is written as _m ¼ AHRgq, where H is the height of the room,
R the air change rate and g a temperature eﬃciency, which is deﬁned as g = (Tout  Te)/
(Tb  Te) and takes into account the fact that the temperature of the outﬂowing air Tout is
lower than the building temperature Tb. The density and the speciﬁc heat of the air are
taken as q = 1.2 kg/m3 and cp = 1000 J/(kg K).
Assuming a room height of H = 2.5 m, a constant eﬀective air change rate of
Rg = 6 h1, and an occupancy time of tocc = 8 h, the heat ﬂux _q, which is absorbed per
degree–hour of the cooling potential CCP, can be calculated as
_q
CCP
¼ HRgqcp
tocc
¼
2:5 m  6 1
h
 1:2 kg
m3
 1000 J
kg K
8  3600 s ¼ 0:625
W=m2
Kh
ð4Þ
Depending on local climate, orientation and total solar energy transmittance of a fac¸ade,
geometry and type of building use, solar and internal gains of an oﬃce room can vary sub-
stantially. Assuming e.g. internal heat-gains of 20 W/m2 and solar gains of 30 W/m2 –
both values refer to the time period of 8 h – a climatic cooling potential of about 80 Kh
per night is needed to discharge the stored heat.
3. Veriﬁcation of the method
To verify the applicability of the presented method, the climatic cooling potential was
calculated on the basis of measured hourly temperature data for Zurich SMA. ANETZ
data downloaded from the data centre of the National Weather Service (MeteoSwiss) were
employed. The data of 2003 with its exceptionally high temperatures in July and August
[13] were used. The impact of diﬀerent parameters on the CCP is discussed.
3.1. Building temperature
Fig. 3 shows the building temperature (Eq. (2)), the measured external-air tempera-
ture in Zurich SMA and the resulting climatic cooling potential (hatched area) for
one week in June. In most cases, the theoretical building temperature appears to be rea-
sonable, as it corresponds to the outdoor temperature quite well. However, in the two
nights from June 21st to 23rd, the temperature diﬀerence stays below 3 K during the
whole night and therefore no ventilation is applied. Due to its deﬁnition, the building
temperature although decreases, which is, strictly speaking, physically incorrect. There
might actually be a cooling potential during the late-night hours if the building temper-
ature would remain at a constant level until ventilation starts. A more ‘realistic’, non-
harmonic building temperature could obviously be obtained using a building energy sim-
ulation code, with the drawback of having to deﬁne numerous building parameters and
therefore losing generality.
3.2. Sensitivity of CCP
In order to analyse the impact of the buildings temperature-amplitude DTb, the thresh-
old value of the temperature diﬀerence DTcrit and the initial time of night ventilation hi,
N. Artmann et al. / Applied Energy 84 (2007) 187–201 193
the daily climatic cooling potential CCP was calculated with diﬀerent values of these
parameters and plotted as cumulative frequency charts. This type of charts displays the
number of nights, when the cooling potential exceeds a certain value. Fig. 4 shows the
cumulative frequency of CCP for the 165 warmest nights of the year, where the sensitivity
is highest. An impact of the building temperature amplitude on CCP can only be seen for
nights with a very low CCP. In most cases, the lowest cooling potential is obtained if an
amplitude of 2.5 K is assumed. An impact of the threshold temperature diﬀerence DTcrit
can be found for nights with a cooling potential less than 100 Kh. Mechanical night-time
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Fig. 4. Cumulative frequency of climatic cooling potential calculated with diﬀerent building-temperature
amplitudes DTb (top left), threshold values of the temperature diﬀerence DTcrit (top right) and the initial time of
night-ventilation hi (bottom) for Zurich SMA in summer 2003 (ANETZ data).
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ventilation experiments performed by Blondeau et al. [14] showed that a useful ratio
between electrical energy and cooling energy is achieved for a critical temperature-
diﬀerence greater than 2–3 K. Although the air-ﬂow rate and the convective heat-transfer
obviously increase with a higher temperature-diﬀerence, the threshold value of the tem-
perature diﬀerence is not as crucial for natural ventilation as it is for mechanical ventila-
tion because no electric energy input is required. But as the air-ﬂow rate caused by
thermal buoyancy is very dependent on the temperature diﬀerence, a certain diﬀerence
is needed to achieve high air-change rates by natural ventilation. The impact of the initial
time of night-ventilation hi is seen over a wider range of the CCP. A shift of ±1 h results
in a variation of maximum ±10 Kh in the CCP.
3.3. Cooling potential in diﬀerent time-intervals
To compare diﬀerent climates, the cooling potential has to be averaged over a certain
time period. Fig. 5 shows the climatic cooling potential per night together with weekly and
monthly mean values. Due to the inherent stochastic properties of weather patterns,
nightly values reveal a wide ﬂuctuation within a bandwidth of up to 200 Kh within a
few days; weekly mean values still vary by about 50–100 Kh within a month.
In Fig. 5, the monthly mean value in August exceeds 50 Kh, although there is a whole
week in this exceptionally-hot summer [13] without any noteworthy potential for night
cooling. Attention should be paid to this fact, especially as a low night-cooling potential
is associated with a high cooling-demand.
There is not only a variability of cooling potential per night within a month, the
monthly mean values also vary over the years. For the period of 1981–2002, standard devi-
ation, minimum and maximum of monthly mean values were computed for all calendar
months. Fig. 6 also shows the impact of the hot summer in the year 2003 on the climatic
potential for night cooling; mean values for June and August are far below all the data of
the previous 22 years.
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Fig. 5. Climatic cooling potential for nights, weeks, and months for Zurich SMA in 2003 (ANETZ data).
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3.4. Applicability of semi-synthetic climatic data
As the hourly temperature data provided by the meteorological database Meteonorm
[9] are semi-synthetic values generated from monthly mean values (see Section 2.1), the
applicability of these data for calculating the cooling potential was veriﬁed by comparing
Meteonorm data with Swiss ANETZ data from Zurich SMA (1983–1992) and Danish
Design Reference Year (DRY) [15] data from Copenhagen Vaerlose, respectively. The
Copenhagen Vaerlose DRY is based on measured data for the period 1975–1989. Zurich
SMA data represent a climate typical of the Swiss Plateau north of the Alps and Vaer-
lose data represent a climate heavily inﬂuenced by the sea. For the comparison of data
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Fig. 6. Mean value and standard deviation, minimum and maximum of monthly mean climatic cooling potential
for Zurich SMA 1981–2002 and monthly mean CCP for 2003 (ANETZ data).
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from the same period, monthly mean values of the ANETZ and DRY data were used to
generate hourly temperature-data by Meteonorm. The cumulative frequency of the CCP
obtained from these data was then compared with the one computed directly on the
basis of hourly ANETZ and DRY temperature data. Fig. 7 shows good agreement of
the CCP data obtained by the two diﬀerent methods, especially for the more critical
warm season with low cooling potential. It was therefore concluded that the algorithms
used in the Meteonorm software in generating hourly data have a negligible eﬀect on the
calculation of climatic cooling potential.
4. Results
To give an overview of the climatic potential for night-time cooling in Europe, the July
mean values of the CCP were plotted on a map (Fig. 8). As expected, a clear gradation
from north to south can be seen. Even in the hottest month of the year, a very high cooling
potential of 120–180 Kh occurs in Northern Europe (including the British Isles). In Cen-
tral and Eastern Europe, but also, in the northern parts of Portugal, Spain, Greece and
Turkey, the cooling potential is still 60–140 Kh.
To analyse the potential of night-time ventilative cooling during a whole year,
monthly mean values per night and cumulative frequency distribution of the CCP were
plotted for four locations in diﬀerent European climatic regions (Fig. 9). It can be
observed that there is usable potential during the colder periods in locations where only
a very low potential was displayed in Fig. 8. For example, in Lisbon, where the climatic
Fig. 8. Map of mean climatic cooling potential (Kh/night) in July based on Meteonorm data [9].
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potential is lowest, the CCP is between 70 and 180 Kh per night from October to June
(Fig. 9, left).
Fig. 9 also demonstrates the diﬀerence between a continental climate such as in Mos-
cow, which leads to a high variation in the monthly cooling potential (100–450 Kh) and
a maritime climate such as in Bergen, where the potential only varies between 150 and
300 Kh. In the cumulative frequency chart, the maritime climates of Bergen and Lisbon
show a kind of plateau of almost constant CCP values, while the curves for the continental
climates of Moscow and Ankara, covering a wider range of CCP, are represented by a
more constant slope.
Due to the inherent stochastic properties of weather patterns, individual CCP values
per night can fall far below the monthly mean values. On further examination, cumulative
frequency distributions of the CCP per night are therefore helpful (Fig. 9, right). For 20
diﬀerent locations, two cumulative frequency charts of the climatic potential for night-time
cooling in maritime (Fig. A1) and continental (Fig. A2) climates are presented in the
Appendix.
5. Discussion
In the whole of Northern Europe (including the British Isles), mean CCP per night in
July is roughly 120–180 Kh. Taking into account variations of nightly values around the
monthly mean value, a suﬃcient cooling potential to assure thermal comfort in this region
throughout the year appears very likely for most applications.
In Central, Eastern and some regions of Southern Europe, a mean monthly CCP of 60–
140 Kh was found. In these regions, cooling by night-time ventilation is a promising tech-
nique for most applications. But it has to be borne in mind that nightly values can fall far
below the monthly mean values, and that a few nights with a very low cooling potential
may occur per year. As the case arises, it has to be examined whether the resulting discom-
fort is acceptable.
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Fig. 9. Monthly mean climatic cooling potential per night (left) and cumulative frequency distribution (right) of
climatic cooling potential for diﬀerent locations based on Meteonorm [9] data.
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In regions such as southern Spain, Italy and Greece with a mean CCP per night for
July of less than 60 Kh, night-time ventilation alone might not be suﬃcient throughout
the year. For buildings where a high level of thermal comfort is expected, other passive-
cooling techniques, such as radiant or evaporative cooling, might therefore be of inter-
est. Whenever passive systems cannot provide a suﬃcient cooling eﬀect, hybrid systems
should be considered. For example, even in air-conditioned buildings night-time ventila-
tion could be used in order to reduce the energy demand of the mechanical cooling
system.
There are buildings, mainly commercial buildings with high internal and/or solar
loads, that need to be cooled even if the outdoor temperature is well below the thermal
comfort limit. Thus, especially in the warmer climates of Southern Europe, cooling is
not only needed in summer, but also during the transitional periods and for some build-
ings even in winter. In such cases, night-time ventilative cooling can be used in hybrid
systems to reduce the energy demands of air-conditioned buildings. Night-time ventila-
tion is applied whenever the outside air temperature is signiﬁcantly below the building
temperature and mechanical cooling has to be used only if thermal comfort cannot be
achieved.
The information available in cumulative frequency charts might be of special interest
for planning engineers who wish to estimate the potential for cooling by night-time ven-
tilation. For example, in Bergen (Fig. 9, right), the climatic cooling potential never falls
below around 75 Kh and exceeds 100 Kh on 355 days per year. By contrast, there are
about 15 days per year without any potential for night-time cooling in Lisbon.
6. Conclusions
In this study, a method was developed to compute the climatic potential for passive
cooling of buildings by night-time ventilation. This method is based on a variable build-
ing temperature, variable within a temperature range of thermal comfort as speciﬁed in
international standards, without assuming any building-speciﬁc parameters. The ﬂoating
building temperature is an inherent necessity of this passive-cooling concept. The robust-
ness of the degree–hours approach was tested and the impact of the assumed building
temperature function and the threshold value of the temperature diﬀerence between
building and ambient air investigated. This method was employed for a systematic anal-
ysis of European climate, with regard to passive cooling by night-time ventilation, using
259 stations.
It was shown that, in the whole of Northern Europe (including the British Isles), there is
very signiﬁcant potential for passive cooling of buildings by night-time ventilation and this
method therefore seems to be applicable in most cases. In Central, Eastern and even in
some regions of Southern Europe, the climatic cooling potential is still signiﬁcant, but
due to the inherent stochastic properties of weather patterns, a series of warmer nights
can occur at some locations, where passive cooling by night-time ventilation might not
be suﬃcient to guarantee thermal comfort. If lower thermal-comfort levels are not
accepted during short time periods, additional cooling systems are required. In regions
such as southern Spain, Italy and Greece, climatic cooling potential is limited. Neverthe-
less, passive cooling of buildings by night-time ventilation might be promising for hybrid
systems.
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The presented method is valuable to discuss the cooling potential for a given climate
and might mainly be helpful in the ﬁrst design phase of a building at a given location.
However, it has to be stressed that a more thorough analysis of the summer time transient
thermal behaviour of a building has to be based on building-energy simulation, taking into
account all building-speciﬁc parameters, such as time-dependent internal and solar gains,
active building thermal mass, but also air-ﬂow patterns and air-ﬂow rates. The latter may
even require a computational ﬂuid dynamics analysis because room geometry, window
type and positioning may signiﬁcantly aﬀect the air-ﬂow rate and, therefore, the cooling
eﬀect.
More work is needed to show the impact of future gradual climate warming on the
cooling potential in order to better understand the long-term potential of this technol-
ogy. Additionally, more knowledge and improved modelling algorithms in building
energy simulation codes are required in the ﬁeld of air exchange and the resulting cool-
ing eﬀect.
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Appendix
See Figs. A1 and A2.
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Fig. A2. Climatic cooling potential for a continental climate.
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Night-time ventilation is often seen as a promising passive cooling concept. However, as it requires a sufficiently high
temperature difference between ambient air and the building structure, this technique is highly sensitive to changes in
climatic conditions. In order to quantify the impact of climate warming on the night-time ventilative cooling
potential in Europe, eight representative locations across a latitudinal transect were considered. Based on a degree-
hours method, site-specific regression models were developed to predict the climatic cooling potential (CCP) from
minimum daily air temperature (Tmin). CCP was computed for present conditions (1961–90) using measured Tmin
data from the European Climate Assessment (ECA) database. Possible time-dependent changes in CCP were assessed
for 1990–2100, with particular emphasis on the Intergovernmental Panel on Climate Change (IPCC) ‘A2’ and ‘B2’
scenarios for future emissions of greenhouse gases and aerosols. Time-dependent, site-specific Tmin scenarios were
constructed from 30 Regional Climate Model (RCM) simulated data sets, as obtained from the European
PRUDENCE project. Under both emissions scenarios and across all locations and seasons, CCP was found to
decrease substantially by the end of the 21st century. For the six Central and Northern European locations (>478N)
CCP was found to decrease in summer (June–August) by 20–50%. For the two Southern European locations
(Madrid and Athens), future CCP was found to become negligible during the summer and to decrease by 20–55%
during the spring and the autumn. The study clearly shows that night-time cooling potential will cease to be sufficient
to ensure thermal comfort in many Southern and Central European buildings. In Central and Northern Europe, a
significant passive cooling potential is likely to remain, at least for the next few decades. Upper and lower bound
estimates for future CCP were found to diverge strongly in the course of the 21st century, suggesting the need for
flexible building design and for risk assessments that account for a wide range of emissions scenarios and uncertainty
in climate model results.
Keywords: climate change, climate scenarios, climatic cooling potential, night-time ventilation, passive cooling, Europe
La ventilation nocturne est souvent conside´re´e comme un concept de refroidissement passif prometteur. Toutefois, cette
technique ne´cessitant une diffe´rence de tempe´rature suffisamment e´leve´e entre l’air ambiant et la structure du baˆtiment,
elle est tre`s sensible aux changements des conditions climatiques. Pour quantifier l’impact du re´chauffement climatique
sur les possibilite´s de refroidissement par ventilation nocturne, on a conside´re´ huit emplacements repre´sentatifs sur une
transversale latitudinale en Europe. Sur la base d’une me´thode ‘degre´s-heures’, on a de´veloppe´ des mode`les de re´gression
spe´cifiques a` des sites pour pre´voir le potentiel de refroidissement climatique (CCP) a` partir de la tempe´rature
quotidienne minimale de l’air (Tmin). On a calcule´ le CCP pour les conditions pre´sentes pendant la pe´riode 1961–90
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en utilisant les donne´es Tmin de la base de donne´es ECA (Evaluation du climat europe´en). On a e´value´ de possibles
changements du CCP lie´s a` la dure´e pour la pe´riode 1990–2100, en mettant l’accent sur les sce´narios A2 et B2 du
GIEC (Groupe d’experts intergouvernemental sur l’e´volution du climat) relatifs aux futures e´missions de gaz a` effet
de serre et aux ae´rosols. Des sce´narios lie´s a` la dure´e, avec Tmin spe´cifiques aux sites ont e´te´ e´labore´s a` partir de 30
ensembles de donne´es de mode`les de climats re´gionaux simule´s obtenus dans le cadre du projet europe´en
PRUDENCE. Pour les deux sce´narios d’e´mission et pour tous les emplacements et saisons, on a constate´ que le CCP
diminuait de fac¸on substantielle de`s la fin du XXIe sie`cle. Pour les six emplacements en Europe centrale et en Europe
du Nord (.478 nord), on a constate´ que le CCP diminuait de 20–50% (juin–aouˆt). Pour les deux emplacements en
Europe du Sud (Madrid et Athe`nes), on a constate´ que le futur CCP devenait ne´gligeable pendant l’e´te´ et diminuait
de 20–55% pendant le printemps et l’automne. Cette e´tude montre clairement que le potentiel de refroidissement
nocturne cessera d’eˆtre suffisant pour assurer le confort thermique dans de nombreux baˆtiments construits en Europe
du Sud et en Europe centrale. En Europe centrale et en Europe du Nord, un potentiel significatif de refroidissement
passif va vraisemblablement durer pendant au moins les prochaines de´cennies. Il s’est ave´re´ que les estimations
supe´rieures et infe´rieures du futur CCP divergeaient nettement dans le courant du XXIe sie`cle, ce qui sugge`re la
ne´cessite´ de concevoir les baˆtiments avec souplesse et d’e´valuer le risque en tenant compte d’une large gamme de
sce´narios d’e´mission et de l’incertitude des re´sultats des mode`les climatiques.
Mots cle´s: changements climatiques, sce´narios climatiques, potentiel de refroidissement climatique, ventilation
nocturne, refroidissement passif, Europe
Introduction
As a consequence of increasing atmospheric concen-
trations of greenhouse gases, significant changes in
the global climate are expected. The globally and
annually averaged near-surface temperature has been
estimated to have increased by 0.74+ 0.188C over
the last century (1906–2005), with the rate of
warming over the last 50 years being almost double
that over the last century (Trenberth et al., 2007).
Applying six different marker scenarios for possible
future emissions of radiatively active gases and aero-
sols, projections from a range of climate models
suggest by the end of the 21st century a warming rise
of 1.1–6.48C will occur as compared with 1980–99
(Meehl et al., 2007). This warming trend will be
accompanied by complex and significant changes in
regional climates that nowadays can be studied in
increasing spatio-temporal detail with the aid of
regional climate models (Giorgi et al., 2001).
Climate change will impact in a variety of ways on the
built environment and buildings (Engineering and
Physical Sciences Research Council (EPSRC), 2003;
Chartered Institution of Building Services Engineers
(CIBSE), 2005). In particular, rising ambient tempera-
tures imply a decrease in heating energy demand for
buildings, but also an increasing demand for cooling.
For Switzerland, for example, recent studies employing
a degree-days method (Christenson et al., 2005) and
transient building energy simulations (Frank, 2005)
demonstrated significant 20th-century trends in building
energy demand that are likely to continue throughout
the 21st century due to ongoing climate warming.
Even for the colder climate of the UK an increased risk of
summertime overheating is expected as the occurrence of
times with temperatures over 288C was found to rise
from 1 to 6% by the 2080s. Simulation studies revealed
the application of thermal mass for building cooling to
be very helpful, but due to a more frequent occurrence
of hot spells, an effective way to dissipate the heat
from the mass is seen to be essential (CIBSE, 2005).
Not only climate change, but also increased comfort
expectations in summertime, high internal loads, and,
especially in modern, extensively glazed buildings,
higher solar gains (Manz, 2004; Manz and Frank,
2005) contribute to an increasing demand for cooling
of buildings. Thus, commercial buildings in particular
have experienced an upward trend in cooling energy
demand over the last few decades, and the installation
of air-conditioning systems is becoming more common
even in the moderate and cool climates of Central and
Northern Europe.
Particularly in this case – commercial buildings with
high cooling loads in moderate climates with relatively
low night-time temperatures even in summer – passive
cooling by night-time ventilation appears to offer
considerable potential. The basic concept involves
cooling the building structure overnight in order to
provide a heat sink, which absorbs heat gains during
occupancy periods, and to guarantee thermal comfort
without mechanical cooling or, at least, with a lower
daytime cooling energy requirement (Chandra, 1989;
Santamouris and Asimakopoulos, 1996; Allard, 1998).
Night-time ventilation can be driven by natural forces
(thermal buoyancy and wind), mechanical fans or
hybrid ventilation systems. However, as in any case a
sufficiently large temperature difference between
ambient air and the building structure is needed
during the night to achieve efficient convective cooling
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of the building mass; this concept is highly dependent on
climatic conditions and its potential could be jeopar-
dized by climate warming.
For current European climatic conditions, the poten-
tial of passive cooling by night-time ventilation was
investigated using a degree-hours method (Artmann
et al., 2007). The potential was found to be very sig-
nificant in Northern Europe (including the British
Isles), and still sufficient on most nights of the year
in Central and Eastern Europe. In Southern Europe
passive night-time cooling might not be sufficient the
whole year round, but could still be used in hybrid
systems.
Eicker et al. (2006) provided experimental evidence for
the limitations of night-time ventilation under climatic
conditions currently regarded as extreme. They moni-
tored for three years an advanced low-energy office
building in Weilheim, Germany, which was con-
structed in 1999, that was also equipped with an
earth-to-air heat exchanger. While the building per-
formed excellently during typical German summer
conditions (2001 and 2002), in 2003, with average
summer temperatures more than 3 K higher than
usual, nearly 10% of all office hours were above
268C. As the temperatures observed during the excep-
tionally hot summer of 2003 might correspond to those
of a typical summer at the end of this century (Schaer
et al., 2004), the findings of Eicker et al. clearly demon-
strate that in decades to come cooling by night-time
ventilation might cease to work in buildings designed
for current climatic conditions.
The impact of climate change on different passive
cooling techniques has been analysed by Roaf et al.
(1998). For the applicability of night-time ventilation,
a monthly mean daily maximum temperature of 318C
was assumed to be the limiting criterion. Based on
this and other threshold values, they delineated the
regions where different cooling techniques could
cease to be viable by 2050. These were found to be
extensive enough to make them conclude that the
effects of global warming should be taken into
account by designers.
However, the study of Roaf et al. (1998) suffers from
several shortcomings. First, their threshold tempera-
ture of 318C only applies to well-shaded buildings
with relatively low internal loads (e.g. residential build-
ings), as the authors state. Second, their threshold-
based method is not suitable for quantifying gradual
changes in cooling potential, e.g. across spatial gradi-
ents or over time. Although their approach was suit-
able to detect first-order effects, the ‘cascade of
uncertainty’ associated with any regional climate pro-
jections (Gyalistras et al., 1998; Mearns et al., 2001)
should also be taken into account for the elaboration
of guidelines.
Uncertainty in climate projections arises, first of all,
from the basic unpredictability of the socio-economic
system and technological development. This makes it
necessary to formulate a wide range of scenarios for
the future emission of radiatively active gases and aero-
sols (Nakicenovic et al., 2000). Further uncertainties
are added in the process of estimating concentrations
from emissions, radiative forcing from concentrations,
and global climate changes from forcing. The most
sophisticated tools available to accomplish the last
step are what are known as Atmosphere–Ocean
General Circulation Models (AOGCM) – global
models with a rather coarse horizontal resolution of
200–300 km (Cubasch et al., 2001). AOGCM results
can be used as initial and boundary conditions for
Regional Climate Models (RCM), to simulate local cli-
matic effects for smaller areas, e.g. Europe, on a finer
grid of about 50 km (Christensen et al., 2002). This
last ‘downscaling’ step again introduces additional
uncertainty related to limitations of the available
data, knowledge and AOGCMs/RCMs.
Nonetheless, it is assumed in this work that careful
analysis of a wider range of regional climate scenarios
can be used to provide upper and lower limits on the
future space–time evolution of the cooling potential
by night-time ventilation. Specifically, in this study the
implications of two selected global emissions scenarios
on cooling potential across eight representative sites in
Europe are explored. This is accomplished by combining
the degree-hours method of Artmann et al. (2007) with
state-of-the-art temperature scenarios for 2071–2100,
as derived from simulations with 12 RCMs driven by
six different AOGCMs. The significant impact of
climate warming on the potential for cooling by night-
time ventilation is assessed, uncertainties associated
with the applied scenarios and method are quantified,
and consequences for building design are discussed.
Materials andmethods
Case study locations
In the wake of inherent stochastic weather patterns, the
potential for night-time cooling is subject to wide fluc-
tuation in space and time (Artmann et al., 2007).
Moreover, it depends non-linearly on meteorological
conditions, and this makes the use of coarse weather
data (e.g. averages over a month or larger regions) pro-
blematic. Therefore, in this study representative
locations were chosen for a more detailed analysis
using hourly and daily weather data. The considered
locations represent different climatic zones across a
North–South transect in Europe (Table 1 and
Figure 1). Table 1 also includes daily minimum temp-
erature statistics based on long-term measurement
data (1961–90) provided by the European Climate
Assessment (ECA).
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Observed weather and climate data
Two sources of observed weather and climate data
were used. The first was the commercial Meteonorm
(2005) database that contains measurements from
7400 stations around the world. The database
comes with software to generate semi-synthetic
hourly weather data from measured long-term
monthly mean values of weather variables (mainly
representative of the period 1961–90) by means of
stochastic simulation. Data for all case study
locations were available in the Meteonorm database.
Five different sets of random numbers were used at
each location to generate a one-year data set of
hourly mean temperature. The resulting sample size
was 5  365 days  24 hours. The applicability of
these data for the calculation of the climatic cooling
potential has been shown previously (Artmann
et al., 2007).
The second source of measured weather data was
daily minimum temperatures (Tmin) for 1961–90 as
provided by the ECA (Klein Tank et al., 2002). For
easier handling the data sets were reduced to 360
days per year. This was accomplished by excluding
all values for 29 February and 31 March, May,
July, August and October. This procedure yielded
90 values per season. Winter was defined as Decem-
ber–February, spring as March–May, summer as
June–August, and autumn as September–November.
The resulting sample size for the 30-year period was
2700 daily values per season.
Model-simulated temperature data
All calculations of climate change effects were based on
changes in the seasonal statistics of daily minimum
temperatures (Tmin) as simulated by a range of state-
of-the-art RCMs. All RCM data were obtained from
the PRUDENCE project (Christensen et al., 2002,
2007; PRUDENCE, 2005). This project represented
an attempt to integrate European climate projections
of different institutions, and its website (PRUDENCE,
2006) provides a large database of RCM simulation
results for Europe. These were based on boundary con-
ditions from six global simulations with two AOGCMs
(Arpege/OPA and ECHAM4/OPYC), plus three
atmosphere-only GCMs (ECHAM5, HadAM3H and
HadAM3P) that were driven with sea-surface tempera-
ture and sea-ice boundary conditions taken from simu-
lations with the HadCM3 AOGCM. More
information about the climate simulation models can
be found on the PRUDENCE website.
Two kinds of RCM-simulated Tmin data were used:
‘control’ data from regional climate RCM simulations
under present-day (1961–90) conditions, and ‘scenario’
data for 2071–2100 under the emissions scenarios ‘A2’
and ‘B2’, as described in the Intergovernmental Panel on
Climate Change’s (IPCC) Special Report on Emission
Scenarios (SRES) (Nakicenovic et al., 2000; Inter-
governmental Panel on Climate Change (IPCC), 2006).
All Tmin data available from the PRUDENCE website,
in total 20 control and 30 scenario runs, were initially
considered (Table A1). This yielded a total of
nCtrl ¼ 636 and nScen ¼ 956 seasonal data sets (¼20
or 30  eight locations  four seasons, minus four
cases with no RCM data available for Madrid).
The RCM data were provided on varying model grids.
For all calculations in this study the near-surface
temperature data from the land gridpoint closest to
the respective case study location were used for each
RCM.
RCM control climates may deviate substantially from
observations due to errors in the driving GCMs and
to RCM deficiencies or omissions regarding the rep-
resentation of the topography (e.g. inland bodies of
water, mountains), and relevant processes (such as
sea-ice or vegetation dynamics). In order to exclude
‘unrealistic’ RCM data sets the control data from all
RCMs were first compared with the corresponding
ECA measurements. To account for regional and sea-
sonal variation in model performance for each selected
grid point and season the 30-year long-term means
(Tmin) and standard deviations (S) of the measured
(subscript ‘Obs’ in the following equations; S in
Table 1) and under present-day conditions simulated
(subscript Ctrl) Tmin data were computed. The simu-
lated Tmin were then corrected for the difference in alti-
tude between the RCM grid point (HRCM) and the
Figure 1 Change in long-term mean daily minimum
temperature, DT, in summer (June^August) over Europe under
the ‘A2’emissions scenario for 2071^2100 relative to the baseline
1961^90, as simulated by the Danish Meteorological Institute
regional climate model. Simulations were based on boundary
conditions from the HadAM3H atmospheric general circulation
model (Table A1, scenario No S1). Data are from PRUDENCE
(2006)
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measurement station (HObs) using a standard atmos-
phere temperature lapse rate:
g ¼ 0:0065 K=m:
The following error measures were considered:
dT ¼ Tmin,Ctrl þ g(HRCM HObs)  Tmin,Obs (1)
dS ¼ SCtrl
SObs
: (2)
Formal statistical testing of the above differences did not
prove to be very helpful due to the very large sample
sizes of the data sets compared (n ¼ 2700). As a conse-
quence, even very small deviations that were neither
physically meaningful nor relevant for the present appli-
cation proved to be highly significant. Therefore, the
following criteria were considered instead: data from
an RCM for a given season and location were only
used if jdTj  2K and jdS2 1j  20%.
The choice of the above threshold values was based on
the consideration of the climate change ‘signals’. These
Table 1 Geographical position and altitude of the considered locations
Location Longitude (8:’) Latitude (8:’) Altitude (masl) Season Tmin(8C) S (8C)
1 Ssm (8C)
2
Helsinki 24:57 E 60:10 N 4 December^February 27.55 7.21 3.20
March^May 0.29 6.10 1.39
June^August 12.39 3.00 0.93
September^November 3.82 5.66 1.25
Copenhagen 12:32 E 55:41N 9 December^February 20.92 3.92 2.01
March^May 3.83 4.30 0.95
June^August 12.90 2.49 0.65
September^November 7.21 4.15 0.69
Potsdam 13:04 E 52:23 N 81 December^February 22.66 5.24 2.40
March^May 3.75 4.87 0.97
June^August 12.42 2.94 0.55
September^November 5.78 4.80 0.76
Oxford 1:16W 51:46 N 63 December^February 1.75 4.08 1.55
March^May 4.87 3.53 0.58
June^August 11.69 2.66 0.60
September^November 7.32 4.34 0.73
Paris 2:20 E 48:49 N 75 December^February 2.50 4.19 1.52
March^May 7.08 3.89 0.74
June^August 14.41 2.79 0.81
September^November 9.06 4.36 0.64
Zurich 8:34 E 47:23 N 556 December^February 21.83 4.24 1.68
March^May 4.25 4.42 0.89
June^August 12.34 2.89 0.61
September^November 6.25 4.76 0.81
Madrid 3:39W 40:25 N 667 December^February 3.13 3.06 1.15
March^May 7.63 3.74 0.89
June^August 16.87 3.11 0.94
September^November 10.42 4.86 0.95
Athens 23:45 E 37:54 N 15 December^February 7.75 3.42 0.81
March^May 11.97 3.91 0.84
June^August 21.82 2.52 0.86
September^November 15.74 4.22 0.75
Notes:Data are long-termmean values, Tmin; the standard deviation of daily values,S; and the standard deviation of seasonal mean values,Ssm, of the daily
minimum temperature for winter (December^February), spring (March^May), summer (June^August) and autumn (September^November) (ECA data,
1961^90).
1S is de¢ned as follows:
S ¼ 1
2700 1
X1990
y¼1961
X90
d¼1
(Tmin,y,s,d  Tmin,s)2
 !1=2
2Ssm is de¢ned as follows:
Ssm ¼ 130 1
X1990
y¼1961
(Tmin,y,s  Tmin,s)2
 !1=2
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were defined as follows:
DT ¼ Tmin,Scen  Tmin,Ctrl (3)
DS ¼ SScen
SCtrl
, (4)
where the subscript ‘Scen’ denotes a statistic derived
from an RCM scenario data set. The control and
scenario run pairs used are shown in Table A1.
The threshold value of 2 K for model selection was
chosen based on the assumption that in order to be
able to ‘trust’ a given scenario, the model error dT
should be smaller than the signal DT. In 95% of the
nScen cases considered DT was larger than þ2 K
In contrast to the changes in the mean, which always
increased, the standard deviation decreased or
increased depending on seasons and locations, with
90% of all DS values falling within the range 0.79–
1.26. The threshold value of 20% used for model selec-
tion corresponded to the requirement that model errors
for S should not be larger than the changes ‘typically’
simulated for this statistic.
Figure 1 shows by way of example the DT signal for
summer as modelled by the RCM of the Danish
Meteorological Institute (DMI) based on driving data
from an A2 scenario integration with the HadAM3H
AOGCM (Table A1: Scenario S1). The trend is particu-
larly marked in Southern Europe, totalling 5.0–6.5 K
for Central Spain. A similarly pronounced shift
emerges in the Baltic Sea region. In Northern, Central
and Eastern Europe too the shift in summer mean
daily minimum temperature simulated by this model
still reaches 2.5–5.0 K. Similarly, complex change pat-
terns were also found for the other scenario simu-
lations and seasons.
Construction of temperature scenarios
Two types of scenarios for possible changes in Tmin
were considered: (1) scenarios describing possible
future distributions of Tmin for 2071–2100 (‘static
scenarios’); and (2) scenarios describing possible
time-dependent changes in the distribution of Tmin
for 1990–2100 (‘transient scenarios’). The following
procedures were applied separately for each RCM
scenario data set, season and location.
For the static scenarios future (‘projected’, subscript
‘Proj’) temperature values for all days (1  d  2700)
of a given season, Tmin,Proj(d), were constructed by
adjusting the mean and standard deviation of the
measured ECA data according to the respective
climate change signals:
Tmin,Proj(d) ¼ Tmin,Obs þ (Tmin,Obs(d)  Tmin,Obs)
 DSþ DT: (5)
The construction of transient scenarios was based on
the assumption that the climate change signals DT
and DS for a given future time-point to a first approxi-
mation scale linearly with the change in the expected
value of the globally and annually averaged near-
surface temperature, DTg, for that time-point (‘pattern
scaling’ technique; e.g. Mitchell, 2003). Daily data for
a given future time point (1990  t  2100) were thus
constructed according to:
Tmin,Proj(t,d) ¼ Tmin,Obs þ (Tmin,Obs(d)  Tmin,Obs)
 (1 þ k  DTg(t)) þ l  DTg(t) (6)
The coefficients k ¼ @DS=@Tg and l ¼ @DT=@Tg were
estimated separately for each RCM, season and location
as follows:
k ¼ S

Scen
SCtrl
 1
 
=DTGCM (7)
l ¼ DT=DTGCM, (8)
where SScen is the standard deviation of the linearly
detrended (see below) Tmin scenario data; and DTGCM
is the 2071–2100 mean value of DTg, as simulated by
the (AO-)GCM used to drive the respective RCM scen-
ario run. Only models with available values of DTGCM
(Table A1) were considered for the construction of tran-
sient scenarios.
The need to use SScen instead of SScen arose from the fact
that Tmin showed an upward trend in the 2071–2100
period due to ongoing climate change in the driving
GCMs. This trend was considered as an integral part
of the static scenarios used to describe the climate of
the entire 2071–2100 period. The situation was differ-
ent with regard to the transient scenarios, since these
aimed at describing the statistics of Tmin for distinct
time points. Using non-detrended data would have
inflated the standard deviation estimate for the
period’s central time point (t ¼ 2085), thus also
leading to a systematic overestimation of k.
Detrending was performed as follows: first, seasonal
means of Tmin were computed for each year in the
2071–2100 period. The trend was then estimated as
the slope of the linear regression of the 30 seasonal
means from the year number. Finally, each daily
value for a given year was adjusted by subtracting the
linear trend component of the corresponding year.
SScen was found to be always smaller than SScen, in
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10% of all nscen cases the difference amounted to more
than 2% (a maximum of 8%).
For DTg an ‘upper’ and a ‘lower’ scenario as provided
by Cubasch et al. (2001, figure 9.14, ‘several models,
all SRES envelope’) were considered. These DTg trajec-
tories accounted for a much broader range of radiative
forcing scenarios and possible DTg responses to a given
forcing (climate sensitivities) than was represented in
the original PRUDENCE scenarios. The DTg for
2090–99 relative to 1980–99 for the ‘upper’ (‘lower’)
scenario was 1.38C (5.58C). However, it should be
noted that these upper and lower bounds still did not
account for the full range of possible future develop-
ments (Cubasch et al., 2001).
Transient scenarios were constructed by evaluating the
DTg data at every five years within the period 1990–
2100, and by using the k and l values derived from
all selected RCM simulations for a given season and
location.
De¢nition of the ‘climatic cooling potential’
The potential for passive cooling of buildings by night-
time ventilation was assessed based on a degree-hour
method that evaluates the difference between the build-
ing and the ambient temperature. The method has been
presented, extensively tested, and used to assess
present-day cooling potentials (Artmann et al., 2007).
Therefore, it is described only very briefly here.
The method requires temperature data at an hourly
time step as an input and gives the climatic cooling
potential in degree hours (Kh). The daily climatic
potential for ventilative night cooling, CCP(d), is
defined as a summation of products between build-
ing/external air temperature difference, Tb–Te and
time interval, m:
CCP(d) ¼
Xhf
h¼hi
m(d,h)(Tb(d,h)  Te(d,h))
m ¼ 1 h if Tb  Te  DTcrit
m ¼ 0 if Tb  Te , DTcrit
 (9)
where d is the day; h is the time of day, where h [ f0,
. . ., 23g, hi; hf is the initial and final time of night-time
ventilation; and DTcrit is a threshold value specifying
a minimum temperature difference that is required
for effective convection. Throughout all calculations
hi ¼ 19, hf ¼ 7 and DTcrit ¼ 3K were assumed.
Because heat gains and night-time ventilation typically
do not coincide in time, energy storage is an inherent
part of the passive cooling concept. As building struc-
tures are almost always made of materials which are
suitable for sensible energy storage only, such as
concrete or brick, the temperature of the building
structure varies when energy is stored or released. To
take this fact into account, a variable building tempera-
ture was used for the calculation of the climatic cooling
potential. In order to obtain a model which is as
general as possible, no building-specific parameters
were employed. Instead, the building temperature,
Tb, was assumed to oscillate harmonically:
Tb(d,h) ¼ 24:58C þ 2:58C cos 2p
h hi
24
 
8d: (10)
According to this simple model, the maximum building
temperature occurs at the initial time of night-
ventilation, hi, and as the ventilation time is 12
hours, the minimum building temperature occurs at
the final time, hf (Figure 2). In real buildings, depending
on the direction of the building facade and the ratio of
internal and solar gains, the maximum building temp-
erature typically occurs between 14.00 hours (h ¼ 14)
and 18.00 hours (h ¼ 18). Especially for high thermal
mass buildings with high internal gains, a shift of the
maximum to later hours is typical.
The choice of the building temperature range was based
on CEN report CR 1752 (1998), which distinguishes
three different categories of summertime thermal
comfort, each based on a mean temperature of 24.58C:
category A +1.08C, category B +1.58C, category C
+2.58C. International standard ISO 7730 (International
Standards Organization (ISO), 1994) also recommends a
temperature range of T ¼ 24.5+ 1.58C as summer
conditions. However, recent studies confirm that
broader temperature ranges are acceptable in non-air-
conditioned buildings (Olesen and Parsons, 2002).
Figure 2 Building temperature,Tb, andexternal air temperature,
Te, during one week in summer 2003 for Zurich SMA (ANETZ
data). Shaded areas illustrate the Climatic Cooling Potential (after
Artmann et al., 2007)
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Category C of CR 1752 was therefore employed, i.e.
Tb ¼ 24.5+ 2.58C was assumed for all calculations.
An example of the practical significance of the defined
potential showed that a CCP of about 80 Kh per night
is needed to discharge heat gains of 50 W/m2 during
8 h using a ventilation rate of 6 air changes per hour
(ACH) (Artmann et al., 2007). However, as building
parameters as well as heat gains can vary significantly,
this value should be seen as a rough indication only.
In this study the following were considered for each
season and location: (1) the distribution of CCP(d)
and (2) the long-term mean values:
CCP ¼ 1
N
XN
d¼1
CCP(d), (11)
where N ¼ 2700.
Estimationof the‘climatic cooling potential’ fromdaily
minimum temperature
Because no hourly temperature data were available
from the PRUDENCE simulations, CCP(d) had to be
estimated from daily minimum temperatures, Tmin(d).
This was done based on the following equation:
CCP(d) ¼ (T0  Tmin(d)  C if Tmin(d) , T00 if Tmin(d)  T0

(12)
The threshold temperatures, T0, and the coefficients, C,
were determined separately for each location by linearly
regressing the CCP(d) values as calculated from hourly
Meteonorm data (equations 9 and 10) with the
corresponding Tmin(d) data, i.e. the minima of the
24-hourly values per day. T0 was defined as the temp-
erature at which the regression line intersects the x-axis.
An example for the location Zurich SMA is given in
Figure 3. The results for all locations are summarized
in Table 2.
Results
Figure 4 shows the seasonal CCP values found at the
eight locations (arranged from left to right by latitude)
under present-day (1961–90) and possible future
conditions (2071–2100) for the two forcing scenarios
A2 and B2 (for numerical values, see the Appendix,
Table A2). Unsurprisingly, the potential is highest in
winter and lowest in summer, and it clearly increases
from South to North. A significant reduction of the
potential for cooling by night-time ventilation is dis-
played for all locations, seasons and both forcing
scenarios. Differences in the response between the
two scenarios were found to be comparatively small,
but, as expected, scenario A2 with higher concen-
trations of radiatively active gases yielded generally
lower CCP values than scenario B2.
Figure 5 shows the absolute and relative reduction in
CCP based on forcing scenario A2 for all seasons as
a function of latitude. Except in Athens, where the
mean potential in summer is currently only 13 Kh per
night, the absolute reduction based on forcing scenario
A2 amounted to about 30–60 Kh (B2 ¼ 20–45 Kh)
(Table A2). No clear trends depending on latitude or
season were found for the absolute changes (Figure 5
(left)).
Considering the relative change in CCP, a clear gradient
from North to South can be recognized (Figure 5 (right)).
The potential for night-time cooling during the summer
months (June–August) was found to decrease by about
28–51% (B2 ¼ 21–41%) (Table A2) in Central and
Northern Europe. Very high values of relative reduction
in CCP of up to 94% (B2 ¼ 86%) were detected for the
two Southern European locations. It should be noted
Figure 3 Correlation between daily climatic cooling potential
(CCP(d)) and daily minimum temperature (Tmin) based on
Meteonorm data for location Zurich SMA
Table 2 Threshold temperatures,T0, and coef¢cients,C, for the
eight case study locations
Location T0 (8C) C (Kh/K) R
2
Helsinki 24.11 12.17 0.91
Copenhagen 22.87 12.31 0.88
Potsdam 22.20 12.21 0.85
Oxford 24.07 11.23 0.78
Paris 22.25 12.22 0.83
Zurich 22.47 12.64 0.91
Madrid 19.67 12.92 0.87
Athens 21.86 12.82 0.89
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that these high values are relative to the current summer-
time potential, which is, in fact, already insufficient for
effective night-time cooling. However, in Southern
Europe the potential during spring (March–May) and
autumn (September–November) was also found to
decrease by 29–53% (B2 ¼ 20–42%). For all locations,
the largest relative reductions occurred in summer.
Figure 6 illustrates the uncertainty of future summer-
time CCP estimates due to the choice of alternative
Figure 4 Estimated mean climatic cooling potential (CCP) per season under current (1961^90, ECA data) and possible future (2071^
2100, scenarios ‘A2’ and ‘B2’) climatic conditions at eight European locations. Future estimates present averages obtained from all
selected climate scenario data sets (see ‘Model-simulated temperature data’) for that particular location, season and forcing scenario
Figure 5 Absolute (left) and relative (right) changes inmean climatic cooling potential,DCCP per season for 2071^2100based on forcing
scenario ‘A2’. Results from eight European locations relative to the 1961^90 baseline are shown as a function of latitude. Each datum
point represents the average from all selected climate scenario data sets (see ‘Model-simulated temperature data’) for that particular
location, season and forcing scenario
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forcing scenario (A2 versus B2) and GCM/RCM con-
figuration. Results for the three locations Helsinki,
Zurich and Madrid, representative for climates of
Northern, Central and Southern Europe, respectively,
are shown. The first column represents the CCP
values based on ECA data. For ease of comparison,
the results from the 30 PRUDENCE runs were sorted
by forcing scenario and GCM. Figure 6 shows some
interesting features in addition to what can already
be discerned from Figures 4 and 5.
First, simulation runs under A2 conditions always
resulted in lower CCP values than the respective B2
simulations using the same RCM/GCM configuration
(compare, for example, S19 and S20). Second, differ-
ences in projected values due to the use of different
RCMs under one and the same GCM simulation
were often found to be of the same order as the differ-
ences due to the choice of forcing scenario. Compared
with these uncertainties, the reduction in the cooling
potential between current climate (1961–90) and pre-
dictions for future climate (2071–2100) was still sig-
nificant. For example, at Helsinki the difference in
the average CCP value from all selected (see ‘Model-
simulated temperature data’) RCM/GCM configur-
ations under the A2/HadAM3H boundary conditions
as compared with the B2/HadAM3H boundary con-
ditions amounted to 21 Kh. This compares with the
inter-RCM range for the two boundary conditions of
23 and 9 Kh, respectively. The reduction in CCP
during summer, however, amounted to 47 Kh under
A2 and 29 Kh under B2 conditions. In addition, it
can be seen that RCM/GCM configurations that
were excluded due to poor performance under
present-day conditions (data points not enclosed
within a circle in Figure 6) often showed outlying
CCP values (e.g. Zurich: S8, S9, S10 and S19). This
also applied to other locations and seasons.
Figure 7 shows for Zurich and Madrid the percentage
of nights per season under present-day and possible
future conditions when the daily cooling potential
CCP(d) exceeds a certain value. (Each curve corre-
sponds to 1 minus the cumulative distribution function
(CDF) of a CCP(d) data set; note also the reversal of the
x- and y-axes as compared with the usual represen-
tation of CDFs). Additional charts for the other case
study locations are presented in the Appendix
(Figure A1).
Figure 7 suggests significant and highly variable changes
in exceedance probabilities depending on location,
season, and the threshold of minimum CCP necessary in
a particular case. For example, at Zurich (Figure 7
(left)), under current climate conditions CCP(d) is higher
than 80 Kh (roughly necessary to remove heat gains of
50 W/m2; Artmann et al., 2007) throughout most of
the year, except for about 10% of summer nights.
Under scenario A2 CCP(d) was found to fall below
80 Kh in more than 50% (B2 ¼ 45%) of summer
Figure 6 Mean climatic cooling potential, CCP, for summer (June^August) at three selected European locations based on measured
Tmin data for 1961^90 (ECA, left column) and 30 Tmin scenario data sets (scenarios S1^S30; see the Appendix,Table A1) for 2071^2100.
All scenario data sets were constructed from regional climate model data provided by the PRUDENCE project. A2, B2: radiative forcing
scenarios; Arpege, ECHAM4, ECHAM5, HadAM3H, HadAM3P and HadCM3H: global climate models used to drive the regional models;
circles denote global/regional climate model con¢gurations selected for further analysis based on an evaluation of model performance
under present-day conditions (see ‘Model-simulated temperature data’)
Artmann et al.
120
nights. Similar results were also found for Potsdam and
Copenhagen. Even at the most northern location,
Helsinki, under A2 conditions, 35% (B2 ¼ 18%) of all
summer nights were found to exhibit a cooling potential
of less than 80 Kh per night (Figure A1).
Under present climatic conditions CCP(d) values at the
studied locations in Southern Europe were found to be
below 80 Kh throughout almost the entire summer.
However, a considerable cooling potential was revealed
in the transition seasons, such that the 80 Kh threshold
was exceeded in 70% of all days in the year at Madrid
(Athens ¼ 57%). Under A2 conditions CCP(d) was
found to be below 80 Kh for 48% of the year in Madrid
(Figure 7 (right)) and 61% in Athens (Figure A1).
A further feature that can be discerned from Figure 7 is
the changes in the variability of CCP(d). Significant
increases in CCP(d) variability were typically found at
the Central and Northern European locations during
the summer (more stretched CDFs across the y-axis,
e.g. Zurich in Figure 7). In contrast, large decreases
in variability were found in cases with a low CCP
under present-day conditions (e.g. Madrid in June–
August and September–November) (Figure 7).
The diagram on the left in Figure 8 shows a range of the
possible development of the mean climatic cooling
potential, CCP during the summer (June–August)
from 1990 to 2100. The lower limit indicated a rapid
decrease in night cooling potential, especially after
2030. In the case of Madrid the slope of the lower
limit tailed out as it approached zero. The upper limit
showed a flatter slope and levelled to a constant
value at the end of the 21st century.
The diagram on the right-hand side gives the time-
dependent percentage of nights when CCP(d) exceeds
Figure 7 Percentage of nights per season under present day (ECA data,1961^90) and possible future conditions (forcing scenarios A2
and B2, 2071^2100) during which the daily cooling potential CCP(d) exceeds a certain value at Zurich (left) and Madrid (right). For future
conditions average percentages of nights are shown as computed from all selected climate scenario data sets (see section two) per
location, season and forcing scenario
Figure 8 Time-dependent change in mean climatic cooling potential, CCP (left) and percentage of nights when CCP(d) exceeds 80 Kh
(right) during the summer (June^August); upper and lower scenarios are based on mean global temperature scenarios (Cubash et al.,
2001, ¢gure 9.14,‘several models, all SRES envelope’) and mean values of selected PRUDENCEmodels for ‘A2’and ‘B2’
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80 Kh. In the most extreme scenario the percentage of
nights with CCP(d) exceeding 80 Kh in Madrid was
found to decrease from 15% at present to below 1%
by 2060. Until 2100 the same percentage decreased
from 91% currently to 17% in Zurich and from 97
to 38% in Helsinki.
The range given by the upper and lower limits was
found to be much wider than indicated by the mean
values of the selected PRUDENCE models based only
on forcing scenarios A2 and B2. Additionally, the pos-
ition of the A2 and B2 mean values within the full
range was not symmetric, and varied with location.
Discussion
The results presented here suggest that future warming
will have a significant impact on the night-time ventila-
tive cooling potential across Europe. This finding is
generally in line with an earlier scenario-based analysis
by Roaf et al. (1998), with empirical evidence for the
exceptionally hot summer of 2003 (Eicker et al.
2006), as well as with the studies of Geros et al.
(2005) and Kolokotroni et al. (2006), who concluded
that in urban areas increased temperatures of a few
degrees significantly lower the performance of night-
time ventilation.
To the present authors’ knowledge, this is the first
study to provide a more in-depth assessment of poss-
ible climate change impacts on the potential for
passive cooling by night-time ventilation. Unlike Roaf
et al. (1998), who merely used a crude, threshold-
based approach and coarse climate change scenarios,
the present study is based upon a well-tested climatic
cooling potential index (CCP; Artmann et al. 2007,
equations 9 and 10), and explicitly accounts for temp-
erature variations at the diurnal to century time scales.
Moreover, by studying changes in probabilities at
which CCP(d) exceeds a particular threshold value
(Figures 7, 8 (right), and A1), information that is of
immediate use for planning is provided.
For locations in Northern Europe, such as Copenhagen
or Helsinki, the ventilative cooling potential was found
to be currently sufficient throughout the entire year,
whereas by 2071–2100 under conditions A2 or B2
the calculations in the present study yielded 19–48%
of summer nights with a CCP(d) ,80 Kh (Figures 8
(right) and A1). Considering that high minimum
temperatures tend to coincide with generally warm
days, these figures suggest an increased risk of
thermal discomfort for two to six weeks per year.
Even stronger warming impacts were found for the
Central European locations (Figures 7 (left), 8 and
A1). For example, in Zurich the disproportionately
great change in CCP during warm summer nights
under scenario A2 resulted in some nights per year
with zero potential, and a considerable extension of
the period with less than 80 Kh (Figure 7 (left)). It
seems that in decades to come summertime thermal
comfort is unlikely to be achieved by night-time venti-
lation alone, and that eventually additional cooling
systems, e.g. earth-to-air heat exchangers, will
become necessary.
In Southern Europe summer cooling potential was
found to be low already under present conditions
(Figures 7 (right), 8 and A1), and according to the cal-
culations in the present study it could be reduced by
around 2050 to as little as 10–30 Kh, and later to
zero (Figure 8). Note that by 2071–2100 for Madrid
and Athens the RCMs used showed an increase in
summer mean Tmin(d) of over 5.0 and 3.6 K (data not
shown) under the A2 and B2 scenarios, respectively.
The additional cooling demand due to this warming
in combination with the projected decrease in ventila-
tive night cooling potential will make it particularly
difficult to meet thermal comfort expectations. In
order to avoid heavily increased energy consumption
by mechanical cooling systems there is a great need
for additional passive cooling techniques, such as
radiant or evaporative cooling, and/or hybrid app-
roaches. However, it should be noted that although
cooling by night-time ventilation is expected to
become increasingly ineffective during summer, it is
likely to remain an attractive option in the transition
seasons (Figures 7 (right) and A1). This will be even
more the case if it is considered that under general
warming the cooling season will tend to start earlier
in spring and end later in autumn.
It should be pointed out that CCP values below about
40 Kh are increasingly sensitive to the threshold temp-
erature DTcrit in equation (9) (Artmann et al., 2007,
figure 4). The value of DTcrit ¼ 3K was chosen for prac-
tical reasons. Especially in mechanically ventilated
buildings night-time ventilation becomes ineffective if
the temperature difference is too low. In naturally ven-
tilated buildings a higher cooling potential might be
useable by applying a lower DTcrit value. However,
simulations performed during a follow-up study
(Artmann et al., submitted) showed that such low
temperature differences can only be utilized at very
high air change rates which are hardly achievable by
natural forces. Therefore, the impact of DTcrit on the
presented results seems small compared with other
uncertainties.
A somewhat surprising result was that the estimated
absolute changes in CCP were rather independent of
location (Figures 4 and 5 (left)). This was first due to
the linear dependence of CCP(d) on Tmin(d) pertur-
bations over a wide temperature range (equation 12
and Figure 3) in combination with the relatively
small variability of the associated temperature
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thresholds and coefficients (Table 2). Second, this
result is also related to the fact that Figures 4 and 5
report average changes in CCP from all selected
RCM simulations per location and forcing scenario.
Apparently, although the climate change signal, DT,
of individual RCMs typically shows large spatial varia-
bility (e.g. Figure 1), the use of multi-model means
tended to blur inter-RCM differences, thus yielding
roughly similar average responses for CCP. As a conse-
quence, relative changes in CCP were found to be
largest in situations where the current CCP is smallest,
i.e. at the southern-most locations and during summer
(Figure 5 (right)).
The results further suggest that the uncertainty in the
CCP signal due to the use of different radiative scen-
arios and the estimation of the associated local temp-
erature signals by means of RCMs are of a similar
magnitude (Figure 6). Similar results were also found
for other locations and seasons (data not shown).
This indicates that robust assessments should be
based on the use of as many RCMs as possible, with
the aim to cancel out errors simulated by individual
RCMs.
At the same time the present analysis showed that
RCMs cannot be trusted blindly. In several cases the
models were found to show large biases in the simu-
lation of present-day local Tmin(d) (authors’ analyses,
cf. equations 1–4, results not shown) (also Kjellstro¨m
et al., 2007). Moreover, these problematic cases fre-
quently yielded outlying CCP change values
(Figure 6, e.g. for Zurich: S8, S9, S10 and S19), and
using these would have introduced a strong bias in
the CCP scenarios. This was also found to be the
case for other seasons and locations (results not
shown) and underlines the need for careful RCM
evaluation and selection, as done in the present study.
The analysis at the daily time-scale revealed that future
warming will have a strong impact on the cumulative
distribution functions for CCP(d). Figure 8 illustrates
the need for, and added value of, an analysis using
daily data: for Helsinki and Zurich the CCP values
start at a high level and show a relatively smooth,
inconspicuous decrease over the first half of the 21st
century (Figure 8 (left)). Yet, if exceedance probabil-
ities for the relevant 80 Kh threshold are considered
(Figure 8 (right)), practical implications would follow
for the same period that could not be readily deduced
from the CCP signal alone.
Also noteworthy are the great changes in the variability
of CCP(d) – in particular during summer (Figures 7 and
A1). The variability changes on the one hand reflected
the generally increasing number of cases with zero
potential (cf. equation 12) under a warmer climate.
On the other hand, the future CCP(d) variability was
also affected by a general increase in the variability of
summertime Tmin(d) in most RCM scenario simulations
(on average 15% across all summer scenario data sets
and locations; data not shown). The variability
changes in the RCMs can be traced to land–atmosphere
interactions that are expected to become increasingly
important for the Central and Eastern European
climate (Seneviratne et al., 2006), and they had a signifi-
cant effect on the results of the present study. For
example, in Zurich it was estimated that under the A2
scenario 5% of future summer nights will have a
cooling potential below 12 Kh; without changes in
variability the corresponding value would have been
about 21 Kh.
The increasing uncertainty range of the estimates with
time (Figure 8) reflected the associated uncertainty in
the evolution of the future global radiative forcing
(Nakicenovic et al., 2000). The ‘upper’ and ‘lower’
CCP trajectories shown in Figure 8 should by no
means be considered as definitive. Rather, they
present the current best estimates, given the scenarios,
models and data available for this study. However,
there are at least three reasons why the authors
believe that the ‘lower’ CCP trajectories in Figure 8
might still be too optimistic.
First, the global temperature scenarios (input to
equation 6) used to produce the CPP scenarios
depend critically on assumptions regarding the equili-
brium climate sensitivity, i.e. the equilibrium response
of global mean temperature to a doubling of atmos-
pheric CO2 concentrations relative to the pre-industrial
level. The global temperature scenarios used in this
study assumed that the climate sensitivity is in the
range 1.7–4.2 K (Cubasch et al., 2001). More recent
studies suggest, however, a 5–95% interval of 1.5–
6.2 K for the equilibrium climate sensitivity (Hegerl
et al., 2006), or even a 95% upper limit as high as
approximately 8 K (Stainforth et al., 2005). The
IPCC Fourth Assessment Report states a likely
(.66% probability) range of 2.0–4.5 K (Meehl et al.,
2007), i.e. þ0.3 K as compared with the bounds
assumed here. Clearly, larger climate sensitivities for
any given forcing scenario result in higher global
temperature change rates, implying stronger local temp-
erature signals, and consequently a more rapid decrease
in cooling potential.
Second, the IPCC Fourth Assessment Report states for
DTg a possible increase in the range 1.1–6.48C in
2090–99 relative to 1980–99 (Meehl et al., 2007),
as opposed to the 1.3–5.58C assumed in the present
work (see ‘Model-simulated temperature data’). One
reason for the larger DTg range is that the new esti-
mates incorporate the effect of carbon cycle uncertain-
ties. However, note too that the new range was based
on a set of six marker emissions scenarios that all
assume that no climate change mitigation policies
will be implemented. Hence, it might be argued that
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the implementation of such policies would result in
generally lower estimates for DTg. Yet, it is unclear
whether this would suffice to reduce the upper bound
to below the 5.58C assumed in the present work.
Third, this study did not account for the heat island
effect that is present in many urban environments.
Geros et al. (2005) analysed this effect for ten urban
canyons situated in the extended region of Athens.
Their measurements suggested a mean increase in
outdoor air temperatures during the night of 0.6–
2.9 K. For London, Kolokotroni et al. (2006) state
for summer a mean heat island effect of 3.2 K. These
numbers compare with the mean temperature signal
for 2071–2100 in the present study that amounted to
3.8 K (2.8 K) for the A2 (B2) forcing scenario (averages
across all RCMs, seasons and locations). As the heat
island effect has not been considered in the present
study, the true potential for night-time cooling in
large urban areas could be considerably lower than
stated in the given results.
Conclusions
Future climate warming will have a significant impact
on the potential for cooling by night-time ventilation
in Europe. Under an A2 or B2 radiative forcing scen-
ario the authors estimate that by 2071–2100 the
decrease in mean cooling potential will be in the
order of 20–60 Kh, depending on season, location
and forcing scenario, as compared with 80 Kh roughly
necessary to remove heat gains of 50 W/m2. Relative
decreases in mean cooling potential are expected to be
largest at low latitudes and for summer, i.e. cases
where there is typically the highest cooling demand.
This study clearly demonstrated that any assessment of
possible changes in the future ventilative night cooling
potential (and probably also in any other indices
related to the energy demand of buildings) is subject
to large and partially irreducible uncertainties. Never-
theless, the amplitude and rate of the expected climatic
changes and the longevity of buildings make planning
necessary. The authors believe that it is neither possible
nor desirable to establish any rigid guidelines. Instead,
it is suggested that planning basics should be updated
on a regular basis in order to reflect the latest develop-
ments from climate science and building physics.
The authors believe to have shown that this can be
accomplished by linking high-resolution meteorologi-
cal data sets, state-of-the-art climate model simu-
lations, and applications-orientated climate scenarios
with a simplified building model. More specifically,
the results of the present study suggest that useful ana-
lyses of building energy balance scenarios should: (1)
consider a high (e.g. daily) temporal resolution, (2)
rely on as many global/regional climate models as
possible, (3) account for the regionally and seasonally
varying quality of these models, (4) consider changes
in daily to inter-annual climate variability, in particular
during summer, and (5) take into consideration the
uncertainty of transient climate developments, e.g. by
considering a wide range of radiative forcing scenarios
and global climate sensitivities.
The decreases found in mean cooling potential have
regionally varying implications. In Northern Europe
(Helsinki, Copenhagen) the risk of thermal discomfort
for buildings that use exclusively ventilative night
cooling is expected to increase steadily up to possibly
critical levels in the second half of the 21st century.
In Central Europe (Zurich, Paris, London, Potsdam)
extended periods with very low night cooling potential
– where thermal comfort cannot be assured based on
night-time ventilation only – could already become
more frequent in the next few decades if a strong
warming scenario became real. For Southern Europe
(Athens, Madrid) the potential for ventilative night
cooling will eventually become negligible during
summer and will decrease to critical levels in the tran-
sition seasons.
In order to prevent a massive increase in energy
consumption by mechanical cooling systems, at least
three further strategies will have to be investigated:
the reduction of external and internal heat gains,
alternative passive cooling techniques, and the use of
hybrid systems. The latter approach might be particu-
larly attractive for Central Europe during summer,
where a substantial potential for night-time cooling is
likely to remain throughout the 21st century. In
Southern Europe the hybrid approach could be attrac-
tive at least during the transition seasons due to the
expected prolongation of the cooling season in combi-
nation with a generally increased cooling demand
throughout the year.
In any case, in view of the need to abate global
warming and to reduce dependency on fossil fuels,
the authors believe that building design should be
based on energy-efficient passive cooling techniques
whenever possible.
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Appendix
Table A1 PRUDENCE scenario and corresponding control data sets
Institute Model Scenario Control
Number Driving data Forcing D TGCM Acronym Number Acronym
DMI HIRHAM S1 HadAM3H A2 3.2 HS1 C1 HC1
DMI HIRHAM S2 HadAM3H A2 3.2 HS2 C2 HC2
DMI HIRHAM S3 HadAM3H A2 3.2 HS3 C3 HC3
DMI HIRHAM S4 HadAM3H (SMHI Baltic SSTs) A2 ^ HS4 C1 HC1
DMI HIRHAM S5 HadAM3H B2 2.3 HB1 C1 HC1
DMI HIRHAM S6 ECHAM5 A2 ^ ECS C4 ECC
DMI HIRHAMh. r. S7 HadAM3H A2 3.2 S25 C5 F25
HC HadRM3P S8 HadAM3P A2 ^ Adhfa C6 adeha
HC HadRM3P S9 HadAM3P A2 ^ Adhfe C7 adehb
HC HadRM3P S10 HadAM3P A2 ^ Adhff C8 adehc
HC HadRM3P S11 HadAM3P B2 ^ Adhfd C6 adeha
ETH CHRM S12 HadAM3H A2 3.2 HC A2 C9 HC CTL
GKSS CLM S13 HadAM3H A2 3.2 SA2 C10 CTL
GKSS CLM impr. S14 HadAM3H A2 3.2 SA2sn C11 CTLsn
MPI REMO S15 HadAM3H A2 3.2 3006 C12 3003
SMHI RCAO S16 HadAM3H A2 3.2 HCA2 C13 HCCTL
SMHI RCAO S17 HadAM3H B2 2.3 HCB2 C13 HCCTL
SMHI RCAO h. r. S18 HadAM3H A2 3.2 HCA2 22 C14 HCCTL 22
SMHI RCAO S19 ECHAM4/OPYC A2 3.4 MPIA2 C15 MPICTL
SMHI RCAO S20 ECHAM4/OPYC B2 2.6 MPIB2 C15 MPICTL
UCM PROMES S21 HadAM3H A2 3.2 a2 C16 control
UCM PROMES S22 HadAM3H B2 2.3 b2 C16 control
ICTP RegCM S23 HadAM3H A2 3.2 A2 C17 ref
ICTP RegCM S24 HadAM3H B2 2.3 B2 C17 ref
met.no HIRHAM S25 HadAM3H A2 3.2 HADCN C18 HADCN
KNMI RACMO S26 HadAM3H A2 3.2 HA2 C19 HC1
CNRM Arpege S27 HadCM3H A2 ^ DE6 C20 DA9
CNRM Arpege S28 HadCM3H A2 ^ DE7 C20 DA9
CNRM Arpege S29 HadCM3H B2 ^ DE5 C20 DA9
CNRM Arpege S30 Arpege/OPA B2 ^ DC9 C20 DA9
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Table A2 Mean climatic cooling potential per season (Kh/night) under current (1961^90) and future (2071^2100 A2 andB2) climatic
conditions, absolute and relative reduction at different locations
Location Season 1961^90 2071^2100A2 2071^2100B2
CCP (Kh) CCP (Kh) DCCP (Kh) DCCP (%) CCP (Kh) DCCP (Kh) DCCP (%)
Helsinki December^February 385 312 73 19.0 321 64 16.7
March^May 290 236 54 18.5 245 45 15.6
June^August 143 96 47 32.8 114 29 20.3
September^November 247 189 58 23.5 206 41 16.7
Copenhagen December^February 293 246 47 16.1 255 38 12.9
March^May 234 195 39 16.8 204 30 12.8
June^August 123 81 42 34.3 90 33 26.8
September^November 193 144 49 25.2 157 36 18.6
Potsdam December^February 304 255 49 16.0 265 38 12.6
March^May 225 187 38 16.9 196 29 13.0
June^August 119 77 42 35.5 87 33 27.5
September^November 201 153 48 23.9 164 37 18.4
Oxford December^February 251 224 26 10.6 232 18 7.4
March^May 216 189 27 12.4 196 20 9.3
June^August 139 102 37 26.8 111 28 19.8
September^November 188 150 38 20.1 161 27 14.2
Paris December^February 241 203 38 15.8 216 25 10.5
March^May 185 154 32 17.2 161 24 13.0
June^August 96 48 48 49.7 52 44 45.5
September^November 161 115 46 28.6 126 35 21.8
Zurich December^February 307 260 48 15.5 280 27 8.9
March^May 230 193 37 16.3 208 22 9.7
June^August 128 78 50 39.2 88 40 31.0
September^November 205 154 51 24.8 167 38 18.7
Madrid December^February 214 176 38 17.6 190 24 11.3
March^May 156 110 46 29.4 124 31 20.2
June^August 39 5 34 86.5 12 28 70.6
September^November 120 70 49 41.3 83 36 30.4
Athens December^February 181 137 44 24.5 148 32 18.0
March^May 127 82 45 35.5 94 33 25.9
June^August 13 1 12 94.2 2 11 86.4
September^November 79 36 43 54.5 46 33 42.2
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Figure A1 Seasonal cumulative distributions of CCPat different locations under current climatic conditions (ECA data) and projections
based on forcing scenarios A2 and B2
Artmann et al.
128
Parameter study on performance of building cooling by
night-time ventilation
N. Artmann a,, H. Manz a, P. Heiselberg b
a Empa, Swiss Federal Laboratories for Materials Testing and Research, Laboratory for Building Technologies, CH-8600 Duebendorf, Switzerland
b Department of Civil Engineering, Aalborg University, Hybrid Ventilation Centre, DK-9000 Aalborg, Denmark
a r t i c l e i n f o
Article history:
Received 31 May 2007
Accepted 19 February 2008
Available online 7 April 2008
Keywords:
Passive cooling
Night-time ventilation
Parameter study
Thermal mass
Heat transfer
Climate
a b s t r a c t
Especially for commercial buildings in moderate climates, night-time ventilation seems to be a simple
and energy-efﬁcient approach to improve thermal comfort in summer. However, due to uncertainties in
the prediction of thermal comfort in buildings with night-time ventilation, architects and engineers are
still hesitant to apply this technique. In order to reduce the uncertainties, the most important
parameters affecting night ventilation performance need to be identiﬁed. A typical ofﬁce room was
therefore modelled using a building energy simulation programme (HELIOS), and the effect of different
parameters such as building construction, heat gains, air change rates, heat transfer coefﬁcients and
climatic conditions including annual variations on the number of overheating degree hours (operative
room temperature 426 1C) was evaluated. Climatic conditions and air ﬂow rate during night-time
ventilation were found to have the largest effect. But thermal mass and internal heat gains also have a
signiﬁcant effect on cooling performance and the achievable level of thermal comfort. Using this
modelling approach, signiﬁcant sensitivity to heat transfer was found only for total heat transfer
coefﬁcients below about 4W/m2K.
& 2008 Elsevier Ltd. All rights reserved.
1. Introduction
Considering the increasing demand for building cooling even
in moderate and cold climates, night-time ventilation could bear
signiﬁcant potential for energy savings. Whenever the night-time
outdoor air temperature is low enough, natural or mechanical
ventilation can be used to cool the exposed thermal mass of a
building in order to provide a heat sink during the following day.
Despite the simplicity of the concept, the effectiveness of night-
time cooling is affected by many parameters, which makes
predictions uncertain. Therefore architects and engineers con-
tinue to be hesitant to apply low-energy techniques such as night
ventilation in commercial buildings [1].
Numerous studies have been undertaken to investigate the effect
of different parameters on the efﬁciency of night-time ventilation.
Using an hourly simulation model, Shaviv et al. [2] analysed the
maximum indoor temperature in a residential building in the hot
humid climate of Israel as a function of night ventilation air change
rate, thermal mass and daily temperature difference. In a heavy
mass building, the maximum indoor temperature was found to be
reduced by 3–6 1C compared to the outdoor maximum.
The suitability of night ventilation for cooling ofﬁces in
moderate climates such as that of the UK has been studied by
Kolokotroni et al. [3]. Parametric analysis regarding thermal mass,
heat gains and air change rates was used to develop a pre-design
tool. Kolokotroni and Aronis [4] also studied the potential for
energy savings by applying night ventilation in air-conditioned
ofﬁces.
Finn et al. [5] investigated the effect of design and operational
parameters on the performance of a night ventilated library
building in the moderate maritime climate of Ireland. Increasing
thermal mass by changing construction materials (from 887 to
1567kg/m2, per unit ﬂoor area) was observed to lower peak daily
temperature by up to 3 1C. Internal gains (20–40W/m2) and
ventilation rates up to 10 ACH were also found to have a
signiﬁcant effect on internal comfort, with a change in peak
temperature of up to 1.0 1C. However, increasing ventilation rates
beyond 10 ACH did not lead to signiﬁcant improvement.
The effect of convective heat transfer on the efﬁciency of night
ventilation was not considered in these studies, even though other
studies showed the importance of this parameter for thermal
energy storage in building elements. Akbari et al. [6] used an
analytical model and numerical simulations to evaluate the
effectiveness of massive interior walls. The effectiveness—deﬁned
as the ratio of the wall’s total diurnal heat storage capacity for a
given convective heat transfer coefﬁcient to the maximum storage
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capacity of the same wall when the coefﬁcient is inﬁnite—of a
0.305m thick concrete wall was found to be almost doubled by
increasing the convective heat transfer coefﬁcient from 2.84 to
5.68W/m2K.
Several authors point out the importance of this ﬁnding for the
efﬁciency of night-time ventilation, especially as increased
convective heat transfer coefﬁcients (HTCs) are expected at high
air change rates [7–9]. However, Blondeau et al. [10] did not
observe any signiﬁcant difference in predicted indoor air tem-
perature due to various increased convective coefﬁcients during
the night-time in their simulation study.
Lomas [11] found considerable discrepancies on comparison of
the number of overheating hours predicted by different simula-
tion programs. However, different algorithms for calculating
convective heat transfer were found to be an unlikely explanation
of the large variations in overheating predictions.
A sensitivity analysis conducted by Breesch and Janssens [12]
gives a ranking of 14 most inﬂuential parameters on the
uncertainty in thermal comfort in a single occupancy ofﬁce in a
moderate climate, cooled by single-sided natural night ventila-
tion. The three parameters identiﬁed as having the most
signiﬁcant effect were, in this order: Internal heat gains, local
outdoor temperature and internal heat transfer by day. It should
be noted that increased convection due to high air change rates
during night ventilation was not considered in this study.
The objective of the present study is to assess the effect of
climate, thermal mass, heat gains, air change rates and heat
transfer coefﬁcient on the effectiveness of night-time ventilation.
In contrast to other studies a wide range of HTCs at the internal
surfaces is considered, and their effect on the night cooling
performance is compared to the effect of other parameters.
2. Method
The HELIOS [13] building energy simulation programme was
used to model a standard ofﬁce room. Starting from a base case,
different parameters were varied to assess their effect on night
ventilation performance. Performance was rated by evaluating
overheating degree hours of the operative room temperature
above 26 1C.
2.1. Simulation model
A typical ofﬁce room occupied by two persons was modelled
applying the main characteristics as given in Table 1. In the base
case, the external fac-ade including two windows was oriented to
the south. Assuming similar conditions in all adjacent rooms, the
remaining boundaries were considered to be adiabatic. Therefore,
only one ﬂoor slab (20.0m2) was modelled, representing the
ceiling and the ﬂoor of the room by connecting both surfaces to
the internal air node. Likewise, the internal walls were repre-
sented by an element with half the area (18.2m2), and both
surfaces were connected to the internal air node.
2.1.1. Thermal mass models
Three different levels of thermal mass were deﬁned, represent-
ing a light-weight (suspended ceiling, gypsum board walls),
medium-weight (exposed concrete ceiling, gypsum board walls),
and heavy-weight (exposed concrete ceiling, solid sand–lime
brick1 walls) construction. The detailed composition of the
building elements and the thermal properties of the building
materials are given in Table 2. The last column in Table 2 contains
the dynamic heat capacity cdyn of the building elements, i.e. the
amount of energy stored per area if its surface is exposed to a
varying temperature. The values give the dynamic heat capacity at
the internal surfaces according to EN ISO 13786 [14], assuming a
sinusoidal temperature variation with a 24h time-period, exclud-
ing surface resistance. Fig. 1 illustrates the resulting dynamic heat
capacity for the three different levels of thermal mass itemised by
building elements. Dynamic heat capacity per unit ﬂoor area, cdyn/
Aﬂoor, was 193, 432 and 692kJ/m
2K for light-, medium-, and
heavy-weight construction, respectively.
2.1.2. Windows and sun screen model
The windows were modelled as double-glazed with a 16mm
Argon ﬁll and a low-emissivity coating (e ¼ 5%) on the external
surface of the internal glass pane (UGlazing ¼ 1.2W/m2K) and a
wooden frame (UWindow ¼ 1.45W/m2K).
The model included an external sun screen (tSolar ¼ 19.2%)
which was used for shading whenever solar irradiation was above
300W/m2K and internal air temperature was above 20 1C. The
resulting total solar energy transmittance (g-value) was 66% or
16% with the sun screen opened and closed, respectively.
2.1.3. Internal heat gain models
Three different levels of internal heat gains were deﬁned,
representing low (159Wh/m2d), medium (229Wh/m2d) and
high gains (313Wh/m2d). In all cases the ofﬁce was occupied by
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Nomenclature
Aﬂoor ﬂoor area
c heat capacity
cdyn dynamic heat capacity
CCPJJA mean climatic cooling potential in June July and
August
d thickness
h heat transfer coefﬁcient
ODH26 overheating degree hours above 26 1C
TS average room surface temperature
DTcrit critical temperature difference
Greek symbols
l thermal conductivity
r density
Table 1
Main parameters of modeled ofﬁce room
Floor area 20m2
Room height 2.6m
Volume 52m3
Facade area 10.4m2
Facade area/volume ratio 0.2m1
Internal surface area 86.8m2
Ceiling area 20m2
Internal wall area 36.4m2
External wall area 4.8m2
Window area 5.6m2
Glazed area (aperture) 4.05m2
Glazed area/facade area ratio 38.9%
1 Sand–lime brick: Bricks made from sand and slaked lime.
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two people, with a heat gain of 126W/person (60% conv./40%
rad.). Heat gains from equipment (80% conv./20% rad.) were
assumed to be 50W/person (low) or 150W/person (medium and
high). Lighting power was 10W/m2 (40% conv./60% rad.) with
different schedules representing an ofﬁce with (low and medium)
and without (high) daylight utilisation. The lighting power in the
case with daylight utilisation was deﬁned according to measure-
ments by Loutzenhiser et al. [15]. In the case without daylight
utilisation, lighting power was 10W/m2 during the entire
occupied period.
The resulting heat gains over the course of a day are shown
in Fig. 2 and the values per unit ﬂoor area and day are given in
Table 3. No internal heat gains were assumed during weekends.
2.1.4. Ventilation model
Night-time ventilation was applied from 7p.m. to 7 a.m. at a
ﬁxed air change rate (base case: 6ACH) if the external tempera-
ture was at least DTcrit ¼ 3K below the average room surface
temperature, TS. To prevent over-cooling, night ventilation was
applied only if the 24-h running average external temperature
was above a certain cooling setpoint temperature, and terminated
as soon as the average room surface temperature, TS fell below
20 1C. Even if the room air temperature could drop well below the
minimum comfort level, it was found to quickly approach the
temperature of the walls after the end of the night ventilation
period. Therefore the operative room temperature was within the
comfort range at the beginning of the occupied period.
During the occupied period (7 a.m.–7p.m.) the air change rate
was set to 2 air changes per hour (1.4 l/m2 s), according to prEN
15251 [16] category II for a building with low contamination
levels. When night-time ventilation was not applied during
unoccupied periods an inﬁltration rate of 0.5ACH was accounted
for. During weekends, the same settings as during the night were
applied.
2.1.5. Heat transfer coefﬁcients
HELIOS uses combined HTCs for convection and radiation, i.e.
radiative heat transfer between internal surfaces is not computed
explicitly, but is accounted for by increased HTCs which couple
the internal surfaces to the indoor air node. The combined HTCs
can be deﬁned separately for each internal surface (ceiling, ﬂoor
and walls). To allow for increased convective heat transfer during
night-time ventilation, a step function model for the HTCs was
integrated in HELIOS as a function of air change rate. In the base
case, all HTCs were set to h ¼ 7.7W/m2K in accordance with DIN
4701 [17]. Values for combined [18] and convective [19] HTC are
given in Table 4.
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Table 2
Composition of building elements and thermal properties of building materials
d (m) l (W/mK) r (kg/m3) c (kJ/kgK) cdyn (kJ/m
2K)
Floor slab (light, medium, heavy)a
Carpet 0.005 0.050 80 930 99.9
Plaster Floor 0.080 1.500 2200 1080
Sound insulation 0.040 0.040 30 1404
Concrete 0.180 1.800 2400 1080 287.1
Suspended ceiling (light)a
Air gap 0.250 R ¼ 0.160m2K/W
Acoustic panel 0.020 0.210 800 900 51.1
Internal wall (light, medium)a
Gypsum board 0.025 0.400 1000 792 21.7
Mineral wool 0.070 0.036 90 612
Gypsum board 0.025 0.400 1000 792 21.7
Internal wall (heavy)a
Plaster 0.015 0.700 1400 936 144.7
Sand–lime 0.150 1.100 2000 936
Plaster 0.015 0.700 1400 936 144.7
External wall (light, medium)a
Concrete 0.180 1.800 2400 1080
Exp. polystyrene 0.120 0.035 40 1200
Gypsum board 0.025 0.400 1000 792 24.0
External wall (heavy)a
Plaster ext. 0.020 0.870 1600 1000
Exp. polystyrene 0.120 0.035 40 1200
Sand–lime 0.150 1.100 2000 936
Plaster 0.015 0.700 1400 936 172.8
a Light-, medium-, and heavy-weight building construction.
Fig. 1. Dynamic heat capacity (EN ISO 13786 [14]; excluding surface resistance) of
building elements for three different levels of thermal mass.
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2.2. Climatic data
HELIOS requires meteorological input data on an hourly basis.
Three different sources of climatic data were used:
For Switzerland, the National Weather Service (MeteoSwiss)
provides high-quality long-term series of measured hourly
meteorological data. The automatic measurement network
(ANETZ) was launched in the early 1980s and consists of 72
stations. Data from the Zurich SMA station from the period of
1981–2005 were used in this study.
The commercial Meteonorm [20] database contains measure-
ments from 7400 stations around the world. The database
includes software to generate semi-synthetic 1-year data sets of
hourly weather data from measured long-term monthly mean
values of weather variables (mainly representative for the period
1961–1990) by means of stochastic generation. In addition to
long-term mean weather data 10-year maximum and 10-year
minimum monthly mean values are available as a basis to
generate hourly weather data. Meteonorm data sets were applied
for 8 different case study locations, Helsinki, Copenhagen,
Potsdam, London, Paris, Zurich, Madrid and Athens.
The third source of meteorological data was the design
reference year (DRY) for Zurich SMA. The Zurich SMA DRY is a
semi-synthetic hourly data set generated at Empa (Swiss Federal
Laboratories for Materials Testing and Research) using the DRY
method [21] based on measurements from the period 1981–1990.
2.3. Thermal comfort evaluation
Thermal comfort depends on the indoor environmental
conditions, which are air temperature, mean radiant temperature,
air velocity and humidity, as well as on the activity and the
clothing of the occupants [22,23]. As the model used in this study
predicts only temperatures, the operative room temperature—the
mean value of air and average surface temperature—is used to
evaluate thermal comfort. The cumulative distribution function of
the operative room temperature (as shown in Fig. 3a in Section 3)
gives the percentage of working hours when a certain tempera-
ture is exceeded. This provides complete information on the
extent of overheating.
Overheating degree hours above 26 1C (ODH26) are also used for
simpliﬁed representation of thermal comfort evaluation in this
study. Overheating degree hours are deﬁned as the number of ofﬁce
hours (7 a.m.–7p.m.) during which the temperature exceeds 26 1C,
weighted by degrees by which 26 1C is exceeded. According to the
German DIN 4108 [24], a maximum 10% of working hours with an
operative room temperature above 26 1C can be accepted. In most
cases this corresponds to about 400–600Kh above 26 1C per year.
Stricter limits with 100h/a (3.2%) above 26 1C and 25h/a (0.8%)
above 27 1C, which corresponds to about 100–200Kh/a above 26 1C,
are given in the Danish standard DS474 [25]. The European standard
prEN 15251 [16] gives the limit for the operative temperature in
ofﬁce buildings in 3 categories, I: 25.5 1C, II: 26 1C and III: 27 1C. For
buildings without mechanical cooling systems higher limits are
deﬁned depending on the exponentially weighted running mean of
the daily mean outdoor temperature. A building can be classiﬁed as
a certain category, when at least 95% of occupancy time the
operative temperature stays within the category limits. For the
different categories this approximately corresponds to I: 100Kh, II:
200Kh and III: 400Kh. It should be noted, that ODH values describe
overheating in a integrated form, and therefore do not provide all
information given by the cumulative distribution function.
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Fig. 2. (a) Low (159Wh/m2d), (b) medium (229Wh/m2d) and (c) high (313Wh/m2d) internal heat gains over the course of a day.
Table 3
Internal heat gains per unit ﬂoor area and day
Persons
(Wh/m2d)
Equipment
(Wh/m2d)
Lighting
(Wh/m2d)
Total
(Wh/m2d)
Low 88 35 36 159
Medium 88 105 36 229
High 88 105 120 313
Table 4
Standard heat transfer coefﬁcients (HTC)
Combined HTC (W/m2K) Convective HTC (W/m2K)
Vertical 7.7 2.5
Horizontal (upward) 10 5.0
Horizontal (downward) 5.9 0.7
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3. Results
3.1. Inﬂuence of climate data on building overheating
Fig. 3a shows the cumulative distribution function of the
operative room temperature and Fig. 3b shows the ODH26 in a
medium thermal mass ofﬁce with high internal heat gains based on
different climatic data for Zurich SMA. In the period from 1981 to
2005 (excluding 2003), the percentage of working hours exceeding
26 1C varied over the range of 1.2–8% if annual weather site data
(ANETZ) was used. In 2003, exceptionally high summer tempera-
tures resulted in 14.5% of working hours or nearly 900Kh above
26 1C, while the mean value from 1981 to 2005 was 142Kh/a.
Simulations based on Meteonorm or DRY data resulted in a far
lower extent of overheating. The operative room temperature
exceeded 26 1C only during 0.2% of working hours or 2.3Kh/a if
the Meteonorm standard data were applied, and 4.1%
(ODH26 ¼ 79Kh/a) when Meteonorm data based on 10-year
maximum monthly mean values were used. Applying DRY data
(based on measurements from 1981 to 1990) resulted in 1.7%
overheating hours (ODH26 ¼ 25Kh/a), while ANETZ data averaged
over the same period yielded 2.5% of working hours above 26 1C
(ODH26 ¼ 82Kh/a). ANETZ data from the period 1996 to 2005
resulted in 4.1% of working hours or 177Kh per year above 26 1C.
3.2. Inﬂuence of climate conditions at different locations
ODH26 in an ofﬁce with a medium level of thermal mass and high
internal heat gains at different locations based on Meteonorm
standard and 10-year maximum data are given in Table 5. Standard
Meteonorm data resulted in very good thermal comfort with a
maximum of 20Kh per year for all considered locations in Northern
and Central Europe except Paris, where a level of 99Kh/a was
calculated. Applying the Meteonorm data based on 10-year max-
imum values still yielded good thermal comfort with less than 100
overheating degree hours for Helsinki, Copenhagen, London and
Zurich and 186Kh for Potsdam. For Paris, the 10-year maximum data
resulted in 434Kh, which is at the limit for acceptable thermal
comfort (prEN 15251 [16]: category III). Simulations based on Zurich
ANETZ data from 1996 to 2005 yielded 177Kh/a. For the same case
(medium thermal mass and high heat gains) extensive overheating
was found under Southern European climatic conditions such as in
Madrid or Athens with more than 1500Kh/a for both standard and
10-year maximum data.
Table 5 also gives the values of the mean climatic cooling
potential during June, July and August (CCPJJA) as deﬁned by
Artmann et al. [26]. The mean daily CCP (in Kh/d) is evaluated
from the useable temperature difference between building and
outdoor temperature during the night. It is deﬁned as the number
of night-time hours during which the outdoor temperature is
below the building temperature, weighted by the temperature
difference (detailed deﬁnition in [26]). Generally, the extent of
overheating corresponded to the CCP during summer at the
different locations. However, more overheating degree hours
resulted for Potsdam than for London, for example, despite the
higher cooling potential.
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Fig. 3. (a) Cumulative distribution function of operative room temperature and (b) overheating degree hours (ODH) above 26 1C based on different climatic data for Zurich
SMA: ANETZ 1981–2005, Meteonorm (standard and 10-year maximum), DRY, ANETZ 1981–1990 (mean) and ANETZ 1996–2005 (mean); medium thermal mass, high level
of internal heat gains, air change rate 6ACH, all heat transfer coefﬁcients h ¼ 7.7W/m2K.
Table 5
Mean climatic cooling potential in June, July and August (CCPJJA) and overheating
degree hours above 26 1C (ODH26) at different locations for Meteonorm standard
and 10-year maximum data (including ANETZ 1996–2005 for Zurich)
Location Climatic data CCPJJA (Kh/d) ODH26 (Kh/a)
Helsinki Meteonorm 142 1.6
Meteonorm 10yr max 118 54
Copenhagen Meteonorm 137 0
Meteonorm 10yr max 116 18
Potsdam Meteonorm 125 20
Meteonorm 10yr max 105 186
London Meteonorm 116 10
Meteonorm 10yr max 97 90
Paris Meteonorm 100 99
Meteonorm 10yr max 80 434
Zurich Meteonorm 124 2.3
Meteonorm 10yr max 102 79
ANETZ 1996–2005 104 177
Madrid Meteonorm 51 1563
Meteonorm 10yr max 41 2293
Athens Meteonorm 11 4200
Meteonorm 10yr max 3 6399
ODH26 for medium-weight building construction and high internal heat gains, air
change rate 6ACH, all heat transfer coefﬁcients h ¼ 7.7W/m2K.
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3.3. Inﬂuence of thermal mass and heat gains
Signiﬁcant effects of both different building constructions (thermal
mass) and different levels of internal heat gains are shown in Fig. 4.
Increasing thermal mass from cdyn/Aﬂoor ¼ 193kJ/m2K (light-weight)
to cdyn/Aﬂoor ¼ 692kJ/m2K (heavy-weight) reduced overheating in an
ofﬁce with medium heat gains from 164 to 23Kh/a. In a medium
thermal mass ofﬁce, overheating increased from 33 to 177Kh/a if
internal heat gains were changed from low (159Wh/m2d) to high
level (313Wh/m2d). Four hundred and sixteen overheating degree
hours resulted for the extreme case of a light-weight ofﬁce with high
internal loads.
The effect of solar heat gains was analysed by changing the
orientation of the external fac-ade. As an example, Fig. 5 shows the
solar heat gains on a sunny day (July 11, 2003) for different fac-ade
orientations compared to the internal heat gains. As solar heat gains
were generally low compared to internal heat gains, the effect of fac-
ade orientation on overheating degree hours was relatively small. In
an ofﬁce with a medium level of internal heat gains in south, east
and west orientation, 74, 79 and 85Kh/a above 26 1C resulted,
respectively. A clear difference was found only for an ofﬁce oriented
to the north, where overheating was reduced to 42Kh/a.
3.4. Night ventilation air change rate and heat transfer coefﬁcients
Fig. 6 shows the ODH26 as a function of air change rate
(0.5–32ACH) during night-time ventilation and different HTCs
(5.9–10W/m2K; all surfaces, day and night). In most cases, a
relatively low air change rate of 1–4ACH was sufﬁcient to maintain
the limit of thermal comfort (prEN 15251 [16], category III; about
400Kh). The greatest extent of overheating always occurred in
light-weight buildings with about 370Kh/a at 1ACH in the case of
low internal heat gains (159Wh/m2d), up to 350Kh/a at 3ACH in
the case of medium heat gains (229Wh/m2d) and 400Kh/a at
8ACH in a ofﬁce with high heat gains (313Wh/m2d).
Increasing the night ventilation air change rate improved
thermal comfort signiﬁcantly. For the example of a light-weight
building with medium internal heat gains, overheating was
reduced from 466 to 138Kh/a when the air change rate was
increased from 2 to 8ACH (h ¼ 7.7W/m2K). In the same range of
air change rate, overheating was reduced from 419 to 32Kh/a in a
heavy-weight ofﬁce with high heat gains. In most cases, applying
a higher air change rate than 8ACH did not improve thermal
comfort signiﬁcantly. Overheating was only reduced by about
100Kh/a in a light-weight ofﬁce with high heat gains when the air
change rate was increased from 8 to 32ACH.
Variation of the combined HTC in the range from 5.9 to 10W/m2K
generally had a minor effect on overheating degree hours. The most
signiﬁcant effect was found for high heat gains, where at 6ACH
overheating degree hours were in the range from 147 to 215Kh/a in a
medium-weight ofﬁce and from 377 to 464Kh/a in a light-weight
ofﬁce.
For the case of high internal heat gains, more detailed
information on the effect of combined HTCs is shown in Fig. 7.
In Fig. 7a, the HTCs at all internal surfaces were changed during
day and night, while in Fig. 7b HTCs were changed only during
night-time ventilation, and in Fig. 7c only the HTC at the ceiling
was changed during night-time ventilation.
When all HTCs were increased from h ¼ 5.9 to 10W/m2K
during day and night, overheating degree hours were reduced
from 464 to 377Kh/a in a light-weight, 215 to 147Kh/a in a
medium-weight and 57 to 45Kh/a in a heavy-weight ofﬁce. The
effect was smaller when the HTCs were varied in the same range,
but only during night-time ventilation. While increasing the HTCs
during night ventilation to h ¼ 22W/m2K reduced overheating to
362, 138 and 41Kh/a, respectively, the effect was more signiﬁcant
for lower HTCs. Increasing the HTC at the ceiling during night
ventilation affected overheating only slightly. The largest effect
occurred in the medium-weight building, where ODH26 decreased
to 145Kh/a. However, decreasing the HTC to 0.7W/m2K increased
overheating to 322Kh/a.
3.5. Inﬂuence of the air change rate during the day
Changing the air ﬂow rate during the day mainly affected
thermal comfort in cases where night-time ventilation is not very
effective, i.e. in light or medium-weight buildings together with a
high or medium level of internal heat gains (Fig. 8). In such cases,
overheating decreased with increasing air change rate. In contrast,
overheating increased slightly in cases with very good thermal
comfort (ODH26o50Kh/a), when the air ﬂow rate during the day
was increased.
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Fig. 4. Overheating degree hours (ODH) above 26 1C for different levels of internal
heat gains (low, medium and high gains) and different building constructions
(light-, medium- and heavy-weight); Zurich (ANETZ 1996–2005), 6 ACH, all heat
transfer coefﬁcients h ¼ 7.7W/m2K.
Fig. 5. Internal (low, medium and high) and solar (south, east, north and west
orientation of the fac-ade) heat gains on a sunny day, July 11, 2003.
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Fig. 6. Overheating degree hours (ODH) above 26 1C as a function of air change rate for different heat transfer coefﬁcients (all surfaces, day and night) and different building
constructions: (a) low, (b) medium and (c) high internal heat gains; Zurich, ANETZ 1996–2005.
Fig. 7. Overheating degree hours (ODH) above 26 1C as a function of heat transfer coefﬁcients for different building constructions (light-, medium- and heavy-weight): (a) all
surfaces, day and night, (b) all surfaces, during night ventilation and (c) only ceiling, during night ventilation; high internal heat gains; 6ACH; Zurich, ANETZ 1996–2005.
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4. Discussion
The external climatic conditions were found to have a very
large impact on overheating. While good thermal comfort was
achieved in a medium-weight ofﬁce with high heat gains under
Central and Northern European conditions, overheating degree
hours clearly exceeded the comfort limit in Southern European
climate. This generally agrees with the ﬁndings of our previous
study on the potential for night-time ventilation in different
climatic zones of Europe [26]. Furthermore, not only local, but also
annual climatic variability largely affects overheating. While good
thermal comfort conditions with max 400Kh above 26 1C were
usually achieved in a medium-weight ofﬁce with high heat gains
under climatic conditions measured at Zurich SMA during the
period 1981–2005, a very high value of 900Kh was calculated for
2003, with summer temperatures more than 3K above the
average. This clearly demonstrates the climatic limitations of
building cooling by night-time ventilation.
In contrast, simulations of the same case based on semi-
synthetic 1 year data sets such as Meteonorm or DRY resulted in
very much lower values of ODH26. Even applying Meteonorm data
based on 10-year maximum values yielded ODH26 values far
below the average of measured data for the period 1981–2005
(Fig. 3). This clearly shows that simulations based on commonly
used climatic data do not always allow reliable predictions of
thermal comfort in summer. Simulations in this study were
therefore based on measured weather data from a 10-year
period (1996–2005). As annual variability is greater than local
variability, the results for Zurich SMA are believed to be
representative for most locations in Central and Northern Europe,
at least qualitatively.
Depending on comfort expectations, a certain number of
overheating degree hours might be acceptable under extreme
weather conditions. Thereby the tolerated extent of overheating
also depends on the occupants’ possibilities to adapt themselves,
(e.g. by changing clothing) and control their environment
(operation of windows, access to building controls, etc.). In order
to account for this ability to adaptation the concept of adaptive
thermal comfort has been proposed (see e.g. [27]), which relates
the comfort temperature to the external temperature. In cases
where abilities for adaptation are limited (e.g. dress code policy)
and night-time ventilation is not sufﬁcient to achieve the
expected level of thermal comfort, additional cooling systems—
preferably other energy-efﬁcient systems, such as earth-to-air
heat exchangers or solar absorption cooling—will be necessary.
Night-time ventilation was also found to depend clearly on
building construction and heat gains (Fig. 4). A 180mm thick
concrete ceiling in direct contact with the room air reduced
overheating by a factor of two compared to a suspended ceiling.
Additionally, the application of solid sand–lime brick walls
instead of gypsum board walls reduced overheating by a factor
of three. As the ratio of wall to ﬂoor area depends on room
geometry, these factors change with room size. In a large open
plan ofﬁce, the ratio of wall to ﬂoor area is smaller and the
construction of the walls thus becomes less important.
Internal heat gains have an effect of similar magnitude. Both
increasing the heat gains of ofﬁce equipment from 50 to 150W
per person and using artiﬁcial light instead of daylight, respec-
tively, increased overheating degree hours by a factor of 2–2.5.
These factors depended on thermal mass, with a smaller
sensitivity in heavier buildings.
Simulations with different orientations of the external fac-ade
showed the effect of solar heat gains. In the summer, solar
irradiation is highest on the east and west fac-ades. West-oriented
rooms tend to overheat most because there is a coincidence in the
afternoon between high ambient temperature and high solar
irradiation. As good sun protection with a total solar energy
transmittance (g-value) of 16% was considered in this study, solar
gains were generally low compared to the internal gains (Fig. 5).
The difference between south, east or west orientation was
therefore not very pronounced. However, overheating degree
hours were almost halved in an ofﬁce oriented to the north. It
must also be considered that peak solar gains coincide with a high
temperature by day and a low cooling potential during night. An
adequate solar shading system is therefore important to ensure
thermal comfort in ofﬁce buildings with night ventilation.
Evaluation of thermal comfort as a function of the night
ventilation air change rate clearly demonstrated the effectiveness
of night cooling (Fig. 6), as night-time ventilation even at
relatively moderate air change rates signiﬁcantly reduced over-
heating degree hours. This agrees with the analysis by Finn et al.
[5] of a library building with night ventilation. For this case, they
found a signiﬁcant cooling effect for night ventilation with
4–10ACH, but no further improvement for higher air change
rates. In our simulations, the critical air change rate beyond which
no signiﬁcant improvement in absolute OHD26 values occurred
was between 4 and 20ACH, increasing with increasing heat gains
and with decreasing thermal mass. This dependence on heat gains
and thermal mass might be the reason for contradictory ﬁndings
regarding the critical air ﬂow rate in different studies [28–30], as
discussed by Blondeau et al. [10].
The very high sensitivity to night ventilation air change rate in
the range of 0.5–4ACH makes predictions of thermal comfort very
uncertain. This is especially true for buildings using natural night
ventilation, where the air change rate depends on ambient
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Fig. 8. Overheating degree hours (ODH) above 26 1C as a function of air change
rate during the day for different building constructions and different levels of
internal heat gains; 6ACH; heat transfer coefﬁcients h ¼ 7.7W/m2K (all surfaces,
day and night); Zurich, ANETZ 1996–2005.
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temperature and wind conditions. If natural ventilation depends
mainly on buoyancy forces, low air ﬂow rates coincide with high
temperatures, and the cooling effect is smallest during warm
periods. Additionally, sensitivity to the air change rate is enhanced
even more if the dependency of heat transfer on the ﬂow rate is
considered. Therefore, in cases where air change rates in the range
of high sensitivity are to be expected, the application of a hybrid
ventilation system should be considered. In hybrid ventilation, a
mechanical system is used whenever natural forces are not
sufﬁcient to ensure a certain ventilation rate. A shortfall of the
critical air ﬂow rate can thus be prevented and the risk of
overheating reduced.
The effect of the air change rate during the day is relatively
small compared to the night ventilation air change rate. Only if the
indoor air temperature is higher than the ambient tempera-
ture—as is the case in light-weight ofﬁces with high heat
gains—higher air change rates during the day can reduce the
indoor temperature. In cases with good night ventilation perfor-
mance with daytime indoor air temperatures below the ambient
temperature, an increased air ﬂow rate during the day causes
additional heat gains. It should be noted that air motion enhances
thermal comfort due to the increased convective heat transfer
(comfort ventilation). However, this can also be achieved by a
ceiling or portable room fan without exchanging cooler indoor air
with warmer air from outside. Still, a sufﬁcient air change rate for
maintaining indoor air quality needs to be applied.
Compared with other parameters such as climatic conditions,
the night ventilation air change rate, internal heat gains and
building construction, the effect of the combined HTCs at the
internal surfaces was relatively small, even if all HTCs during day
and night were varied in the range from h ¼ 5.9 to 10W/m2K
(Figs. 6 and 7a). This range represents the values given for
downward (h ¼ 5.9W/m2K) and upward (h ¼ 10W/m2K) heat
transfer at internal room surfaces in EN ISO 6946 [18].
During night-time ventilation, a higher heat transfer is
expected due to the increased air ﬂow rate and the possibility of
a cold air jet ﬂowing along the ceiling. However, increasing the
HTCs during night-time ventilation to 22W/m2K did not
signiﬁcantly affect the number of overheating degree hours
(Fig. 7b). The effect was even smaller if only the HTC at the
ceiling was increased (Fig. 7c). In this case, the largest effect
occurred in the medium-weight building where 66% of the
dynamic heat capacity was comprised by the ceiling.
On the other hand, it must be considered that combined HTCs
are a very simpliﬁed representation of the real situation. In this
model, heat can only be exchanged between wall surfaces and the
room air, but not directly between surfaces. Heat transfer by
radiation is accounted for by applying increased HTCs, and
radiative heat ﬂows therefore depend on the temperature
difference between the surfaces and room air. If all surfaces have
a similar temperature which is higher than the room tempera-
ture—this is a typical situation during night-time ventilation—the
model overestimates the radiative heat ﬂow.
Particularly at surfaces with downward heat ﬂow, the coefﬁ-
cients for convective heat transfer alone are considerably lower
than the coefﬁcients for combined heat ﬂow (Table 4). While the
combined HTC for a downward heat ﬂow is h ¼ 5.9W/m2K [18],
the convective HTC alone is only h ¼ 0.7W/m2K [19]. Therefore
during night-time cooling in particular heat transfer at the ceiling
might be overestimated by a combined heat ﬂow model. With
decreasing HTCs below about h ¼ 4W/m2K, the effectiveness of
night-time ventilation becomes increasingly sensitive (Fig. 7).
The effect of radiation, indoor air temperature distribution and
near-surface velocities on heat transfer must be investigated in
more detail, in order to determine the predominant effect and to
decide whether the resulting combined HTC is within a range of
high sensitivity. While radiation could be investigated using a
more detailed building energy simulation programme (e.g.
EnergyPlus [31] or ESP-r [32]), a detailed simulation of the indoor
air ﬂow patterns with computational ﬂuid dynamics (CFD) is
needed to clarify the effect of indoor air temperature and velocity
distribution.
5. Conclusions and recommendations
Building energy simulationwas used to investigate the effect of
different parameters on the performance of building cooling by
night-time ventilation. The climatic ambient conditions and the
air ﬂow rate during night-time ventilation mode were identiﬁed
to have the most signiﬁcant effect. However, building construction
(thermal mass) and heat gains also have a considerable effect on
thermal comfort in summer. Therefore, as much thermal mass as
possible should be placed in contact with the room air (e.g.
avoidance of suspended ceilings) and heat gains should be limited
by applying energy-efﬁcient ofﬁce equipment, daylight utilisation,
and the installation of an effective sun protection system.
The high sensitivity to climatic conditions demonstrates the
signiﬁcance of high-quality climatic data for building energy
simulations. Simulations based on commonly used semi-synthetic
1 year data sets such as DRY or Meteonorm data tend to
underestimate the extent of overheating compared to measured
weather data. We therefore recommend the application of
climatic data from long-term measurements including extreme
weather conditions. Because of the gradually warming global
climate, continuous updating of weather data for building
simulation is also needed, as was also stated by Christenson et
al. [33] and Artmann et al. [34].
Simulations with different night ventilation air change rates
clearly demonstrate the effectiveness of night-time ventilation, as
increased ﬂow rates signiﬁcantly reduce overheating degree
hours. However, increasing the air ﬂow rate above a certain
value—a critical air ﬂow rate depending on building construction
and heat gains—does not lead to further improvement. If natural
forces are not sufﬁcient to achieve this critical ﬂow rate, a hybrid
ventilation system might be reasonable.
Heat transfer between the internal surfaces and the room air
was found to have only a minor effect if the HTCs vary in the range
from 5.9 to 10W/m2K given for combined (convection and
radiation) heat transfer in the European standard EN ISO 6946
[18]. Further increases also do not signiﬁcantly improve night
ventilation performance. Higher sensitivity was found only for
HTCs below about h ¼ 4W/m2K. However, more detailed work on
the effect of convective and radiative heat transfer is needed in
order to improve the basic understanding of the cooling processes.
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Abstract 
Night-time ventilation is seen as a promising approach for energy efficient cooling of buildings. However, 
uncertainties in the prediction of thermal comfort restrain architects and engineers from applying this 
technique. One parameter essentially affecting the performance of night-time ventilation is the heat transfer 
at the internal room surfaces. Increased convection is expected due to high air flow rates and the possibility 
of a cold air jet flowing along the ceiling, but the magnitude of these effects is hard to predict. In order to 
improve the predictability, heat transfer during night-time ventilation in case of mixing and displacement 
ventilation has been investigated in a full scale test room. The results show that for low air flow rates 
displacement ventilation is more efficient than mixing ventilation. For higher airflow rates the air jet flowing 
along the ceiling has a significant effect, and mixing ventilation becomes more efficient. A design chart to 
estimate the performance of night-time cooling during an early stage of building design is proposed. 
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Nomenclature 
A Surface area (m2)  
ACR Air change rate (ACH)  
Ar Archimedes Number (-) 
c, cp Heat capacity (J/kgK)  
CCP Climatic cooling potential (Kh)  
F View factor (-)  
H Room height (m)  
h Heat transfer coefficient (W/m2K)  
 Mass flow (kg/s)  
Q Heat (Wh)  
 Heat flow (W)  
 Reference heat flow (W)  
 Heat flux (W/m2)  
T Temperature (K), (°C)  
ΔT Temperature difference (K)  
ΔT0 Initial temperature difference (K)  
t Time (s)  
 Flow rate (m3/s) 
m&
Q&
0Q&
q&
V&
Greek symbols 
γ  Convection ratio (-) 
ε  Emissivity (-) 
η  Temperature efficiency (-) 
λ  Thermal conductivity (W/mK)  
ρ  Density (kg/m3)  
σ  Stefan-Boltzmann constant (W/m2K4)  
τ  Dimensionless time (-) 
Subscripts 
cond Conduction 
conv Convection 
d Day 
rad Radiation 
tot Total 
vent Ventilation 
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Introduction 
In many countries, a trend towards increasing cooling demand has been observed especially in commercial 
buildings in the last few decades [1], [2]. More extreme summertime weather conditions [3], [4], higher 
internal and solar heat gains and increased comfort expectations give rise to an increase in building cooling 
demand. One possibility to face the increasing energy demand of air conditioning systems is the passive 
cooling of buildings by night-time ventilation. The basic idea of the concept is to ventilate a building during 
the night with relatively cold outdoor air. In the simplest case this can be done by opening windows or, if 
necessary, by using a mechanical ventilation system. By night-time ventilation heat accumulated in the 
thermal mass of building elements is being removed. During the next day the cool building elements absorb 
heat gains, which prevents an extensive increase in indoor temperature. 
Krausse et al. [5] recorded the energy consumption and the internal temperatures and CO2 levels in the 
naturally ventilated Lanchester Library at Coventry University, UK. Due to the exposed thermal mass and the 
night ventilation strategy the building meets thermal comfort criteria even during prolonged hot spells, using 
51 % less energy than a typical air-conditioned office. Another example for a passively cooled building is the 
KfW office building in Frankfurt, Germany. A monitoring study conducted in this building by Wagner et al. [6] 
showed, that even under extreme climate conditions acceptable thermal comfort conditions can be reached 
with passive cooling.  
Despite many successful examples, architects and engineers continue to be hesitant to apply this technique 
in commercial buildings because of high uncertainties in thermal comfort predictions [7]. One parameter 
obviously affecting the efficiency of night-time ventilation is the heat transfer at the internal room surfaces [8]. 
In a previous study [9] a high sensitivity was found for combined (convection and radiation) heat transfer 
coefficients below about 4 W/m2K. Depending on the direction of the heat flow, standard heat transfer 
coefficients for combined heat transfer are in the range from 5.9 to 10 W/m2K [10]. However, during night-
time ventilation radiation does not contribute to the heat transfer from room surfaces to the air (as air is 
virtually transparent for infrared radiation), but in fact transfers heat from one surface to another. For 
convective heat transfer standard coefficients are 2.5 W/m2K for vertical walls, 5.0 W/m2K for upward heat 
flow and 0.7 W/m2K for downward heat flow [11]. This means that, especially at the ceiling – a concrete 
ceiling often represents a significant share of the thermal mass of a room – the convective heat transfer can 
be very limited (downward heat flow during night-time ventilation). On the other hand a higher convective 
heat transfer is expected due to the increased air flow rate and the possibility of a cold air jet flowing along 
the ceiling [12], [13], [14]. 
Several studies deal with the heat transfer at internal room surfaces. Different correlations were proposed for 
natural (e.g. Alamdari and Hammond [15], Khalifa and Marshall [16], Awbi and Hatton [17]) and mixed con-
vection (e.g. Chandra and Kerestecioglu [12], Spitler et al. [18], Awbi and Hatton [19]) from horizontal and 
vertical surfaces. Based on such empirical correlations Beausoleil-Morrison developed an adaptive algorithm 
for the simulation of the convective heat transfer at internal building surfaces [20]. However, many of these 
correlations are based on experiments on small heated plates. A review comparing natural convective heat 
transfer at isolated surfaces and surfaces in enclosures revealed clear discrepancies [21], [22]. This 
demonstrates the necessity of considering a room as a whole. 
Geros et al. [23] compared monitoring data from a very heavy, massive and free floating building, where 
night ventilation was applied by natural cross-ventilation with thermal simulations. When the measured air 
flow rate was used as an input, the simulation model overestimated the performance of the night ventilation. 
The authors attribute this mainly to the non-efficient coupling of the air flowing through the building to the 
thermal mass (short circuit air flow). The effective flow rate was then found by adjusting the simulation model 
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to result in the measured indoor air temperature. The ratio between the measured and the effective flow rate 
was found to be close to 0.3. 
The effect of different flow patterns on the storage efficiency during night-time ventilation has been 
investigated by Salmerón et al. [24] using a 2-dimensional computational fluid dynamics model. A variation 
by a factor of 6 was found between different configurations of air in- and outlet openings. However, radiation 
between internal room surfaces was not considered. Furthermore, the impact of the air flow rate on the 
storage efficiency was not investigated. 
This study provides a detailed analysis of convection and radiation during night-time ventilation depending 
on the air flow rate and the initial temperature difference between the inflowing air and the room. Heat 
transfer in case of mixing and displacement ventilation has been investigated in a full scale test room. 
Setup of the test room 
A test room at Aalborg University – a wooden construction insulated with 100 mm rock wool – was rebuilt for 
the experimental investigation of the heat transfer during night-time ventilation. For increased thermal mass 
a heavy ceiling element consisting of 7 layers of 12.5 mm gypsum boards was installed [25]. The walls and 
the floor were insulated with 160 mm (floor: 230 mm) expanded polystyrene (EPS). After installation of the 
insulation the internal dimensions were 2.64 m x 3.17 m x 2.93 m (width x length x height) resulting in a 
volume of 24.52 m3. A vertical section of the test room is shown in Figure 1, a detailed description can be 
found in [26]. 
 
Figure 1. Vertical section of the test room. 
The thermal properties of the materials used at the internal surfaces of the test room were measured or 
taken from literature (see [26] for details). The values used for calculations including estimated uncertainties 
are summarised in Table 1. 
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Table 1. Properties of the materials used at the internal surfaces of the test room. 
 λ (W/mK) ρ (kg/m3) c (J/kgK) ε (-) 
Gypsum board 0.28 ± 0.01 1127 ± 10 1006 ± 100 - 
Expanded polysteren (EPS)  0.037 ± 0.001 16.0 ± 0.1 1450 ± 100 0.73 ± 0.05 
White paint (Ceiling) - - - 0.90 ± 0.05 
 
A mechanical ventilation system was installed to supply air at a defined temperature to the test room. The 
ventilation system was capable of providing an air flow rate of about 56 - 330 m3/h, corresponding to 2.3 - 13 
air changes per hour (ACH). For measuring the air flow rate, an orifice was installed in the supply air pipe to 
the test room. The pressure difference over the orifice was measured using a micro-manometer. The 
accuracy of the air flow measurement was about ± 5 %. 
Two different configurations of the air in- and outlet openings of the test room representing mixing and 
displacement ventilation were investigated (Figure 2). In case of mixing ventilation the air inlet to the test 
room was a rectangular opening of 830 mm width and 80 mm height located directly below the ceiling 
(Figure 3). To obtain a more uniform velocity profile, two fleece filters were placed approximately 25 and 
35 cm before the opening. For the air outlet there were two circular openings with a diameter of 110 mm 
close to the floor.  
                               
Figure 2. Configurations of the air in- and outlet openings of the test room for mixing (left) and 
displacement ventilation (right). 
 
Figure 3. Opening used as air inlet for mixing ventilation and outlet for displacement ventilation. 
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For displacement ventilation the same rectangular opening below the ceiling was used as outlet and a 
semicircular displacement inlet device was placed at the floor on the same side of the test room (Figure 4). 
 
Figure 4. Inlet device for displacement ventilation. 
Measurement instrumentation and location of sensors 
For temperature measurements type K thermocouples connected to two Fluke Helios Plus 2287A data 
loggers with 100 channels each were used. The setup of the Helios data loggers using 178 channels for 
temperature measurement and 17 channels for temperature difference measurement is described in detail in 
[27]. The accuracy of the measurement system using the Helios data loggers was estimated to be ± 0.086 K. 
The data loggers were configured to record temperatures at a sampling rate of 0.1 Hz. 
The ceiling was divided into 22 sections (Figure 5). At each of the 22 positions 5 thermocouples were 
installed in different layers (see Figure 7). Additional thermocouples were installed 30 mm below the ceiling 
to measure the local air temperature.  
 
Figure 5. Subdivision of the ceiling into 22 sections and location of sensors (top view). 
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The walls and the floor were divided into 3 sections each, and sensors were located in the centre of each 
section (Figure 6). At all positions indicated in Figure 6 thermocouples were installed to measure the internal 
surface and the local air temperature at a distance of 30 mm from the surface. To determine the heat flow 
through the walls and the floor the temperature difference over a 30 mm layer of EPS (100 - 130 mm from 
the surface) was measured. 
 
Figure 6. Subdivision of the walls and the floor into 3 sections and location of sensors. 
To measure the air temperature distribution in the room 3 columns of thermocouples were installed in the 
vertical symmetry plane. The columns were located below the 2nd, 3rd and 4th row of sensors at the ceiling, 
i.e. positions 8, 13, and in the middle between 17 and 18 (Figure 5). In these columns thermocouples were at 
heights 0.1, 1.1, 1.7, 2.6 and 2.9 m above the floor. The height 2.9 m above the floor is equal to 30 mm 
below the ceiling (sensors for local air temperature at the ceiling). 
For determination of the total heat flow removed from the test room by ventilation, the inlet and outlet air 
temperatures were measured. In case of mixing ventilation, sensors were placed in the centre of the inlet 
and both outlet openings. In case of displacement ventilation the sensors for the inlet air temperature 
measurement were installed where the pipe enters the room and in the inlet device (Figure 4). The former 
was used for calculations regarding the heat balance of the room. 
Procedure for experiments 
In each experiment the response of the test room to a step in the air flow rate (inflow temperature below 
room temperature) was measured for at least 12 hours. In total 16 experiments with different ventilation 
modes, air change rates (ACR) and initial temperature differences (ΔT0) were conducted (Table 2). The 
experiments were started with the test room having a homogeneous temperature equal to the lab 
temperature. As it took some time until the temperature measured at the inlet was constant (cf. Figure 7), the 
initial temperature difference, ΔT0 was defined as the difference between the mean temperature of the ceiling 
element before the experiment and the mean inlet air temperature measured during the last 10 hours of the 
experiment. 
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Table 2. List of experiments. 
No Ventilation mode ACR (ACH) ΔT0 (K) 
1 Mixing ventilation 2.3 7.9
2 Mixing ventilation 3.3 4.3
3 Mixing ventilation 3.3 10.2
4 Mixing ventilation 6.7 2.9
5 Mixing ventilation 6.8 6.1
6 Mixing ventilation 6.6 8.9
7 Mixing ventilation 13.1 2.9
8 Mixing ventilation 13.2 4.0
9 Mixing ventilation 13.1 5.3
10 Mixing ventilation 13.3 9.2
11 Displacement ventilation 3.1 10.1
12 Displacement ventilation 6.7 5.8
13 Displacement ventilation 6.7 11.3
14 Displacement ventilation 12.6 3.6
15 Displacement ventilation 12.6 6.0
16 Displacement ventilation 12.7 12.7
 
Data evaluation 
For the evaluation of the heat transfer at the internal room surfaces, first the total surface heat flow 
(conduction in the material) for each section was calculated from the measured temperatures. Also the 
radiative heat flow between the surfaces was determined from the measured surface temperatures. The 
difference between conduction and radiation then yielded the convective heat flow for each section.  
By way of example, Figure 7 shows the measured temperatures of the inlet air, and for position 8, the local 
air and 5 different layers of the ceiling. For the calculation of the conduction the temperatures measured at 
the internal (A) and external (E) surface of the gypsum boards were used as boundary condition for a 
transient 1-dimensional finite difference model using an explicit scheme. To reduce the noise in the 
measurement signals the moving average of 15 values (2.5 min) was applied. Running the model resulted in 
the spatial temperature profile for each time step. For each section, i the conductive heat flux,  at the 
surface was calculated from the spatial temperature gradient. 
icondq ,&
The heat flows through the walls and the floor were calculated from the measured temperature difference 
over a 30 mm layer of EPS. In order to account for the thermal mass of the EPS, the heat flux at the internal 
wall and floor surfaces,  was calculated using the same method as at the ceiling. Here the internal 
surface temperature and the external heat flux were used as boundary condition for the finite difference 
model.  
icondq ,&
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Figure 7. Temperatures measured at position 8 during the experiment no. 4 with mixing ventilation with 
6.7 ACH and an initial temperature difference of ΔT0 = 2.9 K (A-E: different layers of the ceiling, A: internal 
surface, E: external surface). 
For the calculation of the radiative heat flows the view factors Fi,j between all 22 sections of the ceiling and 3 
sections of each wall and the floor were determined according to [28]. The radiative heat flux,  from the 
surface, Ai was obtained as sum of the heat fluxes to all surfaces, Aj applying the measured surface 
temperatures: 
iradq&
( )( ) ( )∑ −⋅⋅−−− ⋅⋅⋅= j jiijjiji jijiirad TTFFFq 44,,,, 111 εε εεσ&  
Where ( )4281067.5 KmW−⋅=σ  is the Stefan-Boltzmann constant, and iε  and jε  are the emissivities of 
the surfaces. 
The convective heat flux,  for each section, i was then obtained from the difference between the 
conductive and radiative heat fluxes. Integrating the convective heat flux over all room surfaces results in the 
total heat flow removed from the test room, : 
iconvq ,&
totconvQ ,&
∑ ⋅=
i
iconvitotconv qAQ ,, &&  
It should be noted, that the total convective heat flow,  equals the total conductive heat flow, 
, as by radiation heat is only transported from one surface to another ( ).  
totconvQ ,&
totcondQ ,& 0, =totradQ&
Alternatively, the total heat flow removed from the room can also be determined from the flow rate, , the 
density, , the heat capacity, cp, Air and the temperature difference between the in- and outflowing air. 
AirV&
Airρ
( )InletOutletAirpAirAirtotvent TTcVQ −⋅⋅⋅= ,, ρ&&  
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Figure 8 compares the total heat flow obtained by the two different methods. The difference visible at the 
beginning of the experiment results from the thermal capacity of the air in the room. In the experiment shown 
in Figure 8 the two methods are in very good agreement. In other cases a difference up to 18 % was found 
due to measurement uncertainties. The uncertainties in  and  were estimated as ± 12 % and 
± 16 %, respectively 
totventQ ,& totconvQ ,&
[26]. Considering these uncertainties, results in overlapping bands of uncertainty in all 
experiments. 
 
Figure 8. Total heat flow removed from the room obtained from direct measurements ( ) and from 
integrating the convective heat flows over all surfaces ( ); experiment no. 4: mixing ventilation, 
ACR = 6.7 ACH, ΔT0 = 2.9 K. Uncertainty estimates: : ± 12 %, : ± 16 % 
totventQ ,&
totconvQ ,&
totventQ ,& totconvQ ,& [26]. 
Results 
The total heat flow from all surfaces obtained in different experiments with an initial temperature difference of 
approximately 10 K (experiments no. 3, 6, 10, 11, 13 and 16) is shown in Figure 9. For better comparison the 
total convective heat flow from all surfaces,  was normalised by the reference heat flow , defined 
as . Additionally the timescale was multiplied by the air change rate, yielding a 
dimensionless time, 
totconvQ ,& 0Q&
0AirpAir0 ΔTcmQ ⋅⋅= ,&&
ACRt ⋅=τ . Applying this normalisation, heat flows obtained in experiments with the 
same air flow rate but different initial temperature differences are almost congruent (not shown in Figure 9).  
In all cases the heat flow quickly reaches a peak. After the peak the heat flow decreases over time as the 
temperature difference between the room and the inlet air temperature decreases. Comparing experiments 
with different flow rates shows that the normalised heat flow is higher for lower flow rates. This difference is 
more distinct for displacement ventilation than for mixing ventilation. 
The increase before the peak is due to the delayed drop in the inflow air temperature (cf. Figure 7) and the 
heat capacity of the room air. To exclude this initial transient effect, the first hour of each experiment was not 
considered in the following diagrams. Later the room air is in a quasi steady state, i.e. the change in room 
(surface and air) temperature is slow compared to the time constant of the room air. 
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Figure 9. Normalised total convective heat flow from all surfaces comparing experiments with different air 
flow rates and ventilation modes (left: mixing ventilation, experiments no. 3, 6 and 10; right: displacement 
ventilation, experiments no. 11, 13 and 16). Initial temperature difference, ΔT0 between 8.9 and 12.7 K. 
Uncertainty estimate for : ± 16 % totconvQ ,& [26]. 
Figure 10 shows the mean convective heat flux  from all room surfaces depending on the difference 
between the mean surface temperature, 
totconvq ,&
SurfaceT  and the inlet air temperature, . During each experiment 
the temperature difference decreases over time and consequently the heat flux also decreases. This relation 
is very close to linear. Furthermore, experiments with the same airflow rate but different initial temperature 
differences follow the same line. The gradients of these lines can be interpreted as average heat transfer 
coefficients, 
InletT
( )InletSurfacetotconv TTqh −=′ ,& . 
 
Figure 10. Mean heat flux from all surfaces depending on the difference between the mean surface 
temperature and the inlet air temperature; hourly values, first hour excluded; different colours relate to 
different experiments. Uncertainty estimate for : ± 16 % totconvQ ,& [26]. 
It should be noted, that the average heat transfer coefficients, h’ given in Figure 10 are defined using the 
inlet air temperature instead of the room air temperature as reference. Therefore, these values can not be 
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compared to standard heat transfer coefficients. The inlet air temperature was applied as reference, because 
the room air temperature is difficult to determine, especially in the case of displacement ventilation. 
The average heat transfer coefficient, h’ mainly depends on the air flow rate. At 13 ACH it is the same for 
mixing and displacement ventilation. At lower flow rates h’ is higher for displacement ventilation than for 
mixing ventilation.  
For the evaluation of the impact of the air jet on the heat transfer at the ceiling, the ratio of the convective 
and the total heat flow from the ceiling was defined as: 
Ceilingcond
Ceilingconv
Q
Q
,
,
&
&
=γ   
The air flow pattern in mixing ventilation is characterised by the dimensionless Archimedes number. To avoid 
an arbitrary definition of a characteristic length scale, only the temperature difference and the air flow rate, 
 (m3/s) were used to define Ar’: V&
( )622 mKsV TTrA InletSurface& −=′ .  
Figure 11 shows the convection ratio γ  depending on Ar’. During experiments with mixing ventilation, for 
small Archimedes numbers the inlet air jet is attached to the ceiling and the convection ratio is large. For 
higher Archimedes numbers the jet tends to drop down. In this case a smaller proportion of the total heat 
flow is due to convection and radiation becomes dominant. 
In displacement ventilation, the air flow pattern does not change depending on buoyancy effects and the 
impact of Ar’ is small. In all experiments with displacement ventilation less than 32 % of the heat flow from 
the ceiling is due to convection. The convection ratio increases slightly with increasing air flow rate. 
 
Figure 11. Ratio, γ of convective to total heat flow from the ceiling depending on Ar’ for mixing and 
displacement ventilation; hourly values, first hour excluded; different colours relate to different experiments. 
Uncertainty estimate for γ : ± 0.11 [26]. 
During all experiments the temperature difference decreases over time (Ar’ decreasing). Especially for 
mixing ventilation the convection ratio tends to increase during the experiment. 
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The performance of night-time ventilation can be described by the temperature efficiency of the ventilation: 
InletSurface
InletOutlet
TT
TT
−
−=η  
The temperature efficiency yielded from the measurements mainly depends on the ventilation mode and the 
air change rate (Figure 12). During each experiment (excluding the first hour) and for different inlet air 
temperatures the efficiency is almost constant. 
 
Figure 12. Temperature efficiency, η depending on the air change rate for mixing and displacement 
ventilation; hourly values, first hour excluded; different colours relate to different experiments. Fitted curves 
with estimated uncertainty bands (± 14 % [26]). 
For mixing ventilation the efficiency decreases slightly with increasing air change rate. Values between 0.8 
and 0.65 were found for air change rates between 2.3 and 13.3 ACH. In a perfectly mixed room, during 
night-time cooling ( SurfaceInlet TT <  and without internal heat sources) the temperature efficiency is limited 
to 1. In contrast, in displacement ventilation the temperature stratification can result in an efficiency 
exceeding 1. In the experiment with displacement ventilation at 3.1 ACH the temperature efficiency was 
1.06. For higher air change rates, the decrease in the efficiency is more distinct for displacement ventilation 
than for mixing ventilation. At 12.7 ACH the efficiency was decreased to about 0.56.  
Discussion 
The congruence of the normalised total heat flow during experiments with varying initial temperature 
difference, ΔT0 suggests that the total heat transfer scales linearly with the temperature difference. The mean 
heat flux from all surfaces also increases linearly with the difference between the mean surface temperature 
and the inlet air temperature. This results in a constant average heat transfer coefficient, 
( )InletSurfacetotconv TTqh −=′ ,&  during each experiment. Additionally, the average heat transfer coefficient is 
the same for experiments with the same airflow rate and ventilation mode.  
However, looking at the ratio of the convective to the total heat flow from the ceiling reveals, that the flow 
characteristic changes depending on the temperature difference. During experiments with mixing ventilation 
and an air change rate of about 6.7 ACH, depending on the temperature difference, the convection ratio 
varies between 43 and 60 %, and at 3.3 ACH between 27 and 42 %. The variation in the convection ratio is 
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caused by the characteristic of the inflowing air jet. Depending on the Archimedes number – the ratio 
between buoyancy and momentum forces – the cold inlet air flows along the ceiling or drops down into the 
room. For small Archimedes numbers (small temperature difference, high flow rate) the cold air jet is 
attached to the ceiling and a large proportion of the heat flow from the ceiling is due to convection. For higher 
Archimedes numbers (high temperature difference, low flow rate) the jet covers a smaller part of the ceiling 
surface and the convection ratio decreases. 
In the case of displacement ventilation, high local air temperatures (stratification) and low air flow velocities 
(no jet) result in a small convective heat transfer at the ceiling. On the other hand the radiative heat transfer 
from the ceiling to the floor (and the lower parts of the walls) is increased because of the large surface 
temperature difference. Comparing mixing and displacement ventilation at high air flow rates shows very 
different convection ratios but similar total heat flows. This means that in displacement ventilation the 
increased radiation compensates for the lower convection. 
At low air flow rates the inlet air jet is not strong enough to be attached to the ceiling and the convection ratio 
in mixing ventilation is as low as in displacement ventilation. The total heat flow is, however, higher in 
displacement ventilation than in mixing ventilation. One reason for this is probably the location of the outlet 
opening close to the ceiling, which allows the warm air to flow out of the room instead of accumulating below 
the ceiling.  
The positive effect of the outlet opening being located close to the ceiling, also becomes evident in the high 
temperature efficiency of displacement ventilation at low air flow rates. In this case the stratification results in 
an outlet temperature higher than the mean surface temperature (temperature efficiency, 1>η ). With 
increasing air change rate the efficiency decreases. As the heat flow from the surfaces is limited by 
conduction in the material and heat transfer at the surface, the difference between inlet and outlet air 
temperature decreases with increasing mass flow rate. In mixing ventilation the decrease in the temperature 
efficiency is smaller than in displacement ventilation, since the effect of the jet increases with the air flow 
rate. In both cases, despite the decrease in efficiency, the total heat flow still increases, as it is proportional 
to the effective air flow rate, ACR⋅η . 
It should be noted that there is a discrepancy between the total convective heat flow from all surfaces (Figure 
10) and the temperature efficiency (Figure 12) when comparing experiments with mixing and displacement 
ventilation at 13 ACH. Figure 10 displays the same average heat transfer coefficient,  for mixing and 
displacement ventilation. As both,  and 
h′
h′ η  are proportional to ( )InletSurface TTQ −&  the efficiency should also 
be the same. Figure 12, however, shows a higher efficiency for mixing ventilation. This discrepancy is 
probably due to a systematic error in the measurement of the temperature difference between the in and 
outflowing air. Therefore, the exact air flow rate, at which mixing ventilation becomes more (or as) efficient as 
displacement ventilation, can not be determined. 
The temperature efficiency can be applied for a simple model to estimate the performance of night-time 
ventilation. Together with the daily climatic cooling potential, CCPd (Kh) and the temperature efficiency, η , 
the amount of heat removed per day and unit floor area, Floord AQ  (Wh/m
2) can be estimated: 
dAirpAir
Floor
d CCP
hs
ACRcH
A
Q ⋅⋅⋅⋅⋅=
3600,
ηρ , 
where H is the room height,  the density and  the heat capacity of air. CCP is defined as the 
number of night-time hours during which the outdoor temperature is below the building temperature, 
weighted by the temperature difference (detailed definition in 
Airρ Airpc ,
[29]). If the total internal and solar heat gains 
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per day and unit floor area are smaller than the estimated heat Floord AQ , the building temperature will stay 
within the thermal comfort range. A precondition for the application of this method is that the thermal mass is 
sufficient to store the daily heat gains. 
Figure 13 shows the amount of heat discharged during night-time ventilation per unit floor area and CCP 
depending on the air change rate. Such a diagram can be used as design chart to estimate the performance 
of night-time cooling during an early stage of building design. As room geometry and construction 
(distribution of thermal mass) might substantially affect the heat transfer mechanisms and the temperature 
efficiency, the diagram in Figure 13 is valid only for cases similar to the experiments. The test room 
represented a typical situation in an office building with a raised floor and light-weight partition walls, where 
the exposed concrete ceiling is the main contribution to thermal mass. For a more generally applicable 
design chart, the temperature efficiency should be determined for various room geometries, constructions 
(amount and location of thermal mass) and ventilation systems (location of inlet and outlet openings).  
 
Figure 13. Heat discharged during night-time ventilation per unit floor area and CCP depending on the air 
change rate; experimental results for mixing and displacement ventilation (including range of uncertainty) 
and lines of constant efficiency; room height H = 2.93 m. 
Considering a temperature efficiency  reveals limitations of a model assuming a homogeneous room air 
temperature to describe the heat transfer during displacement ventilation. In such a model the outflowing air 
temperature equals the room air temperature. Due to the temperature stratification during displacement 
ventilation, some of the internal room surfaces (e.g. the floor) can be colder than the outflowing air. As the 
temperature of this surface,  is still higher than the air close to it, the surface releases heat to the air 
( ). For a one-air-node model this results in a negative heat transfer coefficient: 
1>η
iSurfaceT ,
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An alternative approach could be to use the temperature efficiency, η  to calculate the total heat flow 
removed from a room in a dynamic model. In this model, the efficiency represents the heat transfer at all 
room surfaces (including radiation), which supersedes the definition of heat transfer coefficients for single 
surfaces. However, such a model does not give the heat flows from different room surfaces separately. 
Therefore the entire thermal mass of the room needs to be modelled as one element with a homogeneous 
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surface temperature. A possible approach for representing the thermal mass of a room (or building) using a 
virtual sphere model has been proposed by Li and Yam [30]. 
Conclusions and outlook 
The experimental results clearly demonstrate the interaction of convective and radiative heat flows 
contributing to the total heat flow removed from a room during night-time ventilation. For mixing ventilation, 
different flow characteristics significantly affect the ratio of the convective to the total heat flow from the 
ceiling. In cases with low convective heat transfer at the ceiling (mixing ventilation at high Archimedes 
number or displacement ventilation) large differences in surface temperatures cause higher radiative heat 
flows from the ceiling to the floor.  
Nonetheless, it is beneficial to prevent warm air from accumulating below the ceiling. In displacement 
ventilation this is achieved through the location of the outlet opening close to the ceiling. At low air flow rates, 
the temperature stratification and the high location of the outlet opening results in a very high temperature 
efficiency ( 1>η ). In mixing ventilation warm air should be removed from the ceiling by the inflowing air jet. 
However, only at a relatively high air change rate (above about 10 ACH) the effect of the air jet flowing along 
the ceiling becomes significant and mixing ventilation is more efficient. Therefore, if a low air flow rate is 
expected, the outlet opening should be placed as close to the ceiling as possible. 
The temperature efficiency can be used to estimate the total heat flow removed from a room. Based on this, 
a design chart to estimate the performance of night-time cooling during an early stage of building design is 
proposed. Further work is needed to determine the temperature efficiency for various room geometries, 
constructions (amount and location of thermal mass) and ventilation systems (location of inlet and outlet 
openings), in order to develop a more generally applicable design chart. Additionally the presence of 
furniture might have a significant impact on the air flow, the heat transfer, and the resulting temperature 
efficiency. A possible approach to investigate a large number of different cases could be the application of 
computational fluid dynamics (CFD). 
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ABSTRACT: Given the general shift in recent decades towards a lower heating and higher cooling 
demand for buildings in many European countries, passive cooling by night-time ventilation has 
come to be seen as a promising option, particularly in the moderate or cold climates of Central, 
Eastern and Northern Europe. The basic concept involves cooling the building structure overnight in 
order to provide a heat sink that is available during the occupancy period. In this study, the potential 
for the passive cooling of buildings by night-time ventilation is evaluated by analysing climatic data, 
irrespective of any building-specific parameters. An approach for calculating degree-hours based on 
a variable building temperature ― within a standardized range of thermal comfort ― is presented 
and applied to climatic data from 259 stations throughout Europe. The results show a very high 
potential for night-time ventilative cooling over the whole of Northern Europe and a still significant 
potential in Central, Eastern and even some regions of Southern Europe. However, given the 
inherent stochastic properties of weather patterns, series of warmer nights can occur at some 
locations, where passive cooling by night-time ventilation alone might not suffice to guarantee 
thermal comfort. It should also be remembered that climatic cooling potential is likely to have fallen 
appreciably by the end of the 21st century due to climate warming.  
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1. INTRODUCTION 
 
In Europe, commercial buildings in particular have 
experienced an uptrend in cooling demand over the 
last few decades. An increase in internal loads 
coupled with higher solar gains ― especially in 
modern, highly glazed buildings ― has fed the 
demand for air-conditioning systems, even in 
moderate and cold climates such as in Central or 
Northern Europe. Additionally, increased comfort 
expectations in summertime and the gradual warming 
of our climate are pushing up the cooling demand. 
While the heating requirement can be effectively 
reduced by installing thermal insulation, cooling plays 
a more significant role in the overall energy demand 
of buildings. 
Particularly in moderate climates, such as in 
Switzerland, Germany or the UK, and cold climates 
such as in Scandinavia, with relatively low night-time 
temperatures even in summer, passive cooling of 
buildings by night-time ventilation appears to hold 
considerable potential. The basic concept involves 
cooling the building structure overnight in order to 
provide a heat sink that is available during occupancy 
periods [1]-[4]. Such a strategy could guarantee the 
daytime thermal comfort of building occupants without 
mechanical cooling or, at least, with a lower daytime 
cooling energy requirement. 
However, this concept is highly dependent on 
climatic conditions, as a sufficiently high temperature 
difference between ambient air and the building 
structure is needed during the night to achieve 
efficient convective cooling of the building mass.  
The purpose of this study is to evaluate the 
climatic potential for the passive cooling of buildings 
by night-time ventilation in present and future climates 
in Europe.  
 
 
2. METHOD 
 
A method was developed, verified and applied 
which is basically suitable for all building types, 
regardless of building-specific parameters. This was 
achieved by basing the approach solely on a building 
temperature variable within a temperature band given 
by summertime thermal comfort. 
 
2.1 Definition of the ‘Climatic Cooling Potential’ 
Degree-days or degree-hours methods are often 
used to characterise a climate’s impact on the thermal 
behaviour of a building. In this study, the climatic 
potential for ventilative cooling, CCP, is defined as the 
sum of degree-hours for the difference between 
building and external air temperature (Fig. 1). In the 
numerical analysis, it was assumed that night-time 
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ventilation starts at  and ends at . As 
a certain temperature difference is needed for 
effective convection, night ventilation is only applied if 
the difference between building temperature, T
hhi 19= = 7fh h
b and 
external temperature, Te is greater than . 3Δ =critT K
 
2.2 Building temperature 
As heat gains and night-time ventilation are not 
simultaneous, energy storage is an integral part of the 
concept. In the case of sensible energy storage, this 
is associated with a variable temperature of the 
building structure. This aspect is included in the 
model by defining building temperature as a sine 
oscillation around 24.5°C with an amplitude of 2.5 K. 
The maximum building temperature occurs at the 
initial time of night ventilation, , and, given a 
ventilation time of 12 hours, the minimum building 
temperature occurs at the final time,  (Fig. 1). The 
temperature range  is equivalent 
to that recommended for thermal comfort in offices [5] 
[6]. The exact definition of CCP and building 
temperature can be found in [7]. 
ih
fh
CCTb °±°= 5.25.24
 
 
 
Figure 1: Shaded areas illustrate graphically the 
Climatic Cooling Potential during one week in 
summer 2003 for Zurich SMA (ANETZ data).  
 
2.3 Climatic data 
Hourly air temperature data are needed to analyse 
the climatic potential for the passive cooling of 
buildings by night-time ventilation using the presented 
approach. For Switzerland, the National Weather 
Service (MeteoSwiss) provides high-quality long time 
series of measured hourly temperature data. In 
addition to air temperature 2 m above ground level, 
the automatic measurement network (ANETZ) 
measures a range of meteorological parameters. 
The commercial database Meteonorm [8] provides 
semi-synthetic meteorological data for 7400 stations 
around the world. Hourly air temperature data are 
generated on the basis of measured long-term 
monthly mean values (mainly 1961-1990). For 
analysis of the climatic cooling potential in Europe, 
data were selected from 259 meteorological stations 
at densely populated locations. 
2.4 Practical Significance of CCP 
The following example should give an idea of the 
practical significance of the calculated degree-hours. 
This simple calculation should be seen only as a 
rough analysis. It is not intended to replace a detailed 
simulation for a specific building at a given location by 
means of a building energy simulation code.  
The thermal capacity of the building mass is 
assumed to be sufficiently high so as not to limit the 
heat storage process. If the building is in the same 
state after one cycle, the heat which charges the 
building structure, , during the occupancy 
period, , is equal to the heat released through 
night ventilation, . The mean heat flux during 
the storage process, q , per room area, A, can then 
be calculated as follows: 
echQ arg
occt
releaseQ

 
= = =  argch e prelease
occ occ occ
Q mcQq
At At At
CCP      (1) 
 
The effective mass flow rate, , is written as 
, where H is the room height, R the air 
change rate and 
m
ηρAHRm =
η  a temperature efficiency, defined 
as ( ) ( )ebeout TTTT −−= /η , that takes account of the 
fact that the temperature of the outflowing air, , is 
lower than the building temperature, . The density 
and specific heat of the air are taken as 
outT
bT
3 2.1 mkg=ρ  and ) ( 1000 KkgJcp = . 
Assuming a room height of , a constant 
effective air change rate of , and an 
occupancy time of , the heat flux, , 
absorbed per degree-hour of the cooling potential 
CCP, can be calculated as: 
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The solar and internal gains of an office space can 
vary substantially depending on the local climate, 
orientation and total solar energy transmittance of the 
façade, building geometry and type of building. 
Assuming e.g. internal heat gains of 2 20 mW  and 
solar gains of 2 30 mW ― with both values referring 
to the time period of 8 h ― a climatic cooling potential 
of about 80 K h per day is needed to discharge the 
stored heat. 
 
3. VERIFICATION OF THE METHOD 
 
To verify the applicability of the presented method, 
the climatic cooling potential was calculated on the 
basis of measured hourly temperature data for Zurich 
SMA. ANETZ data downloaded from the National 
Weather Service (MeteoSwiss) data centre were 
employed. The data for 2003, which witnessed 
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exceptionally high temperatures in July and August, 
were used [9].  
 
3.1 Building temperature 
Figure 1 shows the building temperature as 
defined in section 2.2, the measured external air 
temperature at Zurich SMA and the resulting climatic 
cooling potential (shaded area) for one week in June. 
In most cases, the theoretical building temperature 
appears reasonable in that it correlates quite well with 
the outdoor temperature. However, in the two nights 
between June 21st to 23rd, the building temperature 
drops to the same level, even without night 
ventilation, which is physically implausible. A cooling 
potential might exist during the later hours of the 
night-time period where the building temperature 
remains at a constant level. While a more ‘realistic’, 
building temperature could obviously be obtained 
using a building energy simulation code, the 
associated drawback of having to define numerous 
building parameters would entail a loss of generality.  
 
3.2 Sensitivity of CCP 
The sensitivity of CCP to different parameters was 
examined. Especially for nights with a high cooling 
potential, CCP was not found to be very sensitive to 
either the building temperature amplitude, , or the 
critical temperature difference, . A slightly higher 
sensitivity was found in respect of the selected 
ventilation period, where a shift of  results in a 
variation of maximum  in CCP [7]. 
bTΔ
critTΔ
h1±
Kh10±
 
3.3 Cooling potential in different time intervals 
For the comparison of different climates, the 
cooling potential can be averaged over a certain time 
period. It must, however, be remembered that nightly 
values exhibit wide fluctuations within a bandwidth of 
up to 200 K h within a few days; weekly mean values 
still vary by about 50-100 K h within a month. For 
example, although August 2003 witnessed a whole 
week without any notable potential for night cooling, 
the monthly mean value still exceeded 50 K h. This 
warrants close attention, especially given that low 
night cooling potential is associated with a high 
cooling demand.  
Not only does cooling potential per night differ 
within a month, the monthly mean values also vary 
over the years. The standard deviation, minimum and 
maximum of monthly mean values were computed for 
all calendar months for the period 1981-2002. 
Figure 2 also shows the impact of the exceptionally 
hot summer of 2003 [9] on the climatic potential for 
night cooling; mean values for June and August lie far 
below all the data from the previous 22 years. This 
might help to estimate the impact of a warmer climate 
on night cooling potential. 
3.4 Applicability of semi-synthetic climatic data 
The hourly temperature data provided by the 
meteorological database Meteonorm [8] are semi-
synthetic values generated from monthly mean 
values. The applicability of Meteonorm data for 
calculating cooling potential was verified for two 
locations, Zurich SMA and Copenhagen Vaerlose [7]. 
 
 
Figure 2: Mean value and standard deviation, 
minimum and maximum of monthly mean CCP for 
Zurich SMA 1981-2002 and monthly mean CCP for 
2003 (ANETZ data).  
 
 
4. RESULTS 
 
To give a general picture of the climatic potential 
for night-time cooling in Europe, the July mean values 
for CCP were plotted on a map (Fig. 3). As expected, 
a clear gradation from north to south emerges. Even 
in the hottest month of the year, Northern Europe 
(including the British Isles) exhibits a very high 
cooling potential of 120 to 180 K h. In Central and 
Eastern Europe, but also in the northern parts of 
Portugal, Spain, Greece and Turkey, the cooling 
potential is still 60 to 140 K h. 
Cumulative frequency distributions allow a more 
detailed analysis of cooling potential by showing the 
number of nights per year when cooling potential 
exceeds a certain value. Two cumulative frequency 
charts for 20 different locations showing the climatic 
potential for night-time cooling in maritime and 
continental climates are presented in the Appendix. 
A usable potential during the colder periods can 
be observed at locations for which Figure 3 indicates 
only very low potential. For example, in Lisbon, where 
the July mean value is about 40-60 K h, there are 
more than 200 nights per year with over 100 K h. On 
the other hand, some 15 nights per year offer no 
cooling potential at all. 
The cumulative frequency charts also illustrate the 
difference between continental and maritime climates. 
While the lines for maritime climates are flatter, the 
curves for continental climates cover a wider range of 
CCP and display a steadier gradient. 
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Figure 3: Map of mean Climatic Cooling Potential  
(K h / night) in July based on Meteonorm data [8]. 
 
 
5. OUTLOOK 
 
As significant gradual global warming in 
consequence of increasing greenhouse gas 
concentrations is expected to occur within the service 
life of buildings constructed at the present time, the 
impact of rising temperatures on the potential of 
passive cooling by night-time ventilation warrants 
investigation. The temperatures observed during the 
exceptionally hot summer of 2003 could well serve as 
a preview of a typical summer at the end of this 
century [9]. The monthly mean CCP values in Zurich 
for June and August of that year are about 50 K h, 
compared to 100 – 150 K h in the years before. Given 
the wide variation in nightly values and the fact that 
warm nights are associated with a high daily cooling 
demand, this shift may cause periods of high thermal 
discomfort in buildings designed for cooling by night-
time ventilation in present-day climatic conditions. It is 
clear that a more detailed analysis is needed of the 
night cooling potential in a warmer climate and, 
accordingly, the presented method will also be 
applied to climate projections for the end of this 
century. 
The PRUDENCE project [10] provides climatic 
data for the period 2070-2100. These data were 
obtained by using Regional Climate Models (RCMs) 
for downscaling the results of Atmosphere Ocean 
General Circulation Models (AOGCMs) to a finer grid 
over Europe. Figure 4 shows the shift in the mean 
daily minimum temperatures in June to August, 
modelled by the Danish Meteorological Institute (DMI) 
and based on a HadAM3H A2 AOGCM simulation 
run. The trend is particularly marked in Southern 
Europe, totalling 5 to 6.5 K for central Spain. A 
similarly pronounced shift emerges in the Baltic Sea 
region. In Northern, Central and Eastern Europe too, 
the shift in summer mean daily minimum temperature 
simulated by this model still reaches 2.5 to 5 K. 
However, future climate simulation models ― forcing 
scenarios, AOGCMs and RCMs ― are subject to a 
high level of uncertainty, and a detailed analysis of 
data from different models plus related effect on 
cooling potential is needed. 
 
 
 
Figure 4: Map of shift in mean daily minimum 
temperature in June to August, modelled by DMI [10]. 
 
 
6. DISCUSSION 
 
Under current climatic conditions, the whole of 
Northern Europe (including the British Isles) exhibits a 
mean CCP per night in July of roughly 120 to 180 K h. 
Even allowing for variations in nightly values around 
the monthly mean value, this region appears to hold 
sufficient cooling potential to assure thermal comfort 
throughout the year in most cases. 
Central, Eastern and some regions of Southern 
Europe offer a mean monthly CCP of 60 to 140 K h. 
In these regions, cooling by night-time ventilation is a 
promising technique for most applications. Still, it 
must be remembered that nightly values can fall far 
below the monthly mean and that very low cooling 
potential may be experienced on a few nights per 
year. In the wake of climate change, the incidence of 
higher temperatures with high cooling demand and 
low night cooling potential is very likely to increase. 
The acceptability of the resulting discomfort needs to 
be examined for each specific case. 
In regions such as southern Spain, Italy and 
Greece with mean CCP per night for July of less than 
60 K h, night-time ventilation alone might not suffice 
the whole year round. Other passive cooling 
techniques, such as radiant or evaporative cooling, 
might therefore prove useful for buildings requiring a 
high level of thermal comfort. Hybrid systems should 
be considered wherever passive systems cannot 
provide the required cooling duty. For example, even 
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in air-conditioned buildings, night-time ventilation 
could service to cut the energy demand for the 
mechanical cooling system. 
Some buildings, mainly commercial facilities with 
high internal and/or solar loads, need to be cooled 
even if the outdoor temperature is well below the 
thermal comfort limit. Thus, especially in the warmer 
climates of Southern Europe, cooling may also be 
required during spring and autumn, and even, for 
some buildings, in winter. Hybrid systems 
incorporating night-time ventilative cooling can be 
used in such cases to reduce the energy demand of 
air-conditioned buildings. Night-time ventilation would 
be exploited whenever the outside air temperature is 
significantly below the building temperature, with 
mechanical cooling serving as a backup to safeguard 
thermal comfort. 
The information provided by cumulative frequency 
charts might be of particular interest for design 
engineers seeking to estimate the potential for cooling 
by night-time ventilation.  
 
 
7. CONCLUSIONS 
 
In this study, a method was developed to compute 
the climatic potential for the passive cooling of 
buildings by night-time ventilation. This method is 
based on a variable building temperature, which is 
intrinsic to this passive cooling concept. The building 
temperature varies within a range of thermal comfort 
as specified in international standards and is defined 
independently of any building-specific parameters. 
The robustness of the degree-hours approach was 
tested and the impact of the assumed building 
temperature function and the threshold value for the 
temperature difference between building and external 
air investigated. This method was employed for a 
systematic analysis of European climate with regard 
to passive cooling by night-time ventilation using 259 
stations. 
Considerable potential for the passive cooling of 
buildings by night-time ventilation was shown to exist 
throughout Northern Europe (including the British 
Isles), where the technique seems generally 
applicable. Climatic cooling potential is still significant 
in Central, Eastern and even in some regions of 
Southern Europe, though, given the inherent 
stochastic properties of weather patterns, series of 
warmer nights can occur at some locations, where 
passive cooling by night-time ventilation might not 
suffice to guarantee thermal comfort. If short periods 
of lower thermal comfort are not acceptable, 
additional cooling systems would be required. 
Climatic cooling potential is limited in regions such as 
southern Spain, Italy and Greece. Nevertheless, the 
passive cooling of buildings by night-time ventilation 
might be useful for hybrid systems. 
The presented method provides a valuable aid in 
assessing the cooling potential offered by a particular 
climate and could be of greatest assistance during the 
initial design phase of a building at a given location. It 
must, however, be stressed that a more thorough 
analysis of the summertime transient thermal 
behaviour of a building needs to be based on a 
building energy simulation that factors in all building-
specific parameters such as time-dependent internal 
and solar gains, active building thermal mass, thermal 
insulation of building envelope, along with air flow 
rates and patterns. The latter may even require a 
computational fluid dynamics analysis given that room 
geometry, window type and positioning may 
significantly affect the air flow rate and, hence, the 
cooling effect. 
For a better understanding of the long-term 
potential of this technology, the impact of future 
gradual climate warming on cooling potential needs 
closer investigation. Also required is a more 
fundamental grasp of air exchange and the resulting 
cooling effect, backed by improved modelling 
algorithms in building energy simulation codes. 
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ABSTRACT
,QPRGHUQH[WHQVLYHO\JOD]HGRI¿FHEXLOGLQJVGXHWR
high solar and internal loads and increased comfort ex-
pectations, air conditioning systems are often used even 
in moderate and cold climates. Particularly in this case, 
passive cooling by night-time ventilation seems to offer 
considerable potential. However, because heat gains and 
night ventilation periods do not coincide in time, a suf-
¿FLHQWDPRXQWRIWKHUPDOPDVVLVQHHGHGLQWKHEXLOGLQJ
to store the heat. Assuming a 24h-period harmonic os-
cillation of the indoor air temperature within a range of 
thermal comfort, the analytical solution of one-dimen-
sional heat conduction in a slab with convective bound-
ary condition was applied to quantify the dynamic heat 
storage capacity of a particular building element. The 
impact of different parameters, such as slab thickness, 
PDWHULDOSURSHUWLHVDQGWKHKHDWWUDQVIHUFRHI¿FLHQWZDV
investigated, as well as their interrelation. The poten-
tial of increasing thermal mass by using phase change 
materials (PCM) was estimated assuming increased 
WKHUPDOFDSDFLW\7KHUHVXOWVVKRZDVLJQL¿FDQWLPSDFW
RIWKHKHDWWUDQVIHUFRHI¿FLHQWRQKHDWVWRUDJHFDSDF -
ity, especially for thick, thermally heavy elements. The 
storage capacity of a 100mm thick concrete slab was 
IRXQGWRLQFUHDVHZLWKLQFUHDVLQJKHDWWUDQVIHUFRHI¿ -
cients as high as 30W/m2K. In contrast the heat storage 
capacity of a thin gypsum plaster board was found to 
EHFRQVWDQWZKHQWKHKHDWWUDQVIHUFRHI¿FLHQWH[FHHGHG
3 W/m2K. Additionally, the optimal thickness of an ele-
PHQWGHSHQGHGJUHDWO\RQWKHKHDWWUDQVIHUFRHI¿FLHQW
)RUWKLQOLJKWHOHPHQWVDVLJQL¿FDQWLQFUHDVHLQKHDWFD-
pacity due to the use of PCMs was found to be possible. 
The present study shows the impact and interrelation of 
geometrical and physical parameters which appreciably 
LQÀXHQFHWKHKHDWVWRUDJHFDSDFLW\RIEXLOGLQJHOHPHQWV
1. INTRODUCTION
During the last few decades various factors have caused 
a trend towards increasing cooling demand in buildings. 
Particularly in modern commercial buildings with ex-
tensive glazing, higher solar gains and higher internal 
loads are contributing to the rise in cooling demand. Ad-
ditionally, due to gradual climate warming and increased 
comfort expectations in summertime the installation of 
air-conditioning systems is becoming more common, 
DQGFRROLQJSOD\VDPRUHVLJQL¿FDQWUROHLQWKHRYHU -
all energy demand of buildings even in moderate and 
cold climates such as in Central or Northern Europe. 
Particularly in moderate climates, passive cooling of 
buildings by night-time ventilation appears to be a 
promising technique. If night-time temperatures are rel-
atively low even in summer, the building can be cooled 
by ventilation with outdoor air. The ventilation can be 
achieved by mechanically forcing air through ventila-
tion ducts, but also by natural ventilation through the 
windows. Hybrid systems combining the two methods 
are often also used. Thereby fans are only used if natu-
UDOIRUFHV±WKHUPDOEXR\DQF\DQGZLQG±DUHQRWVWURQJ
HQRXJKWRHQVXUHVXI¿FLHQWYHQWLODWLRQUDWHV
As heat gains and night ventilation periods do not co-
incide in time, the energy of daily heat gains needs to 
be stored until it can be discharged by ventilation dur-
LQJWKHIROORZLQJQLJKW$VXI¿FLHQWDPRXQWRIWKHUPDO
mass is therefore needed for a successful application of 
night-time ventilation. For effective utilisation of the 
WKHUPDOPDVVERWKDVXI¿FLHQWKHDWWUDQVIHUWRWKHVXU -
IDFHDQGVXI¿FLHQWFRQGXFWLRQZLWKLQWKHHOHPHQWDUH
needed. The purpose of this study is to evaluate the im-
pact of different parameters such as material properties, 
VODEWKLFNQHVVDQGKHDWWUDQVIHUFRHI¿FLHQWRQWKHKHDW
storage capacity of building elements. 
2. MODEL OF A BUILDING ELEMENT
In this study a building element is represented by an 
LQ¿QLWHKRPRJHQHRXVVODEZLWKKDOIWKLFNQHVVG2QH
surface of the slab (x= 0) is exposed to a varying tem-
perature, while the other surface (x= d) is considered 
adiabatic. Because of the symmetry this also represents 
a slab with thickness 2d with both surfaces exposed to 
the same conditions (surfaces at x= 0 and x= 2d, sym-
metry at x= d). The solution to the one-dimensional 
conduction problem in a slab with a sinusoidal surface 
temperature is given in Carslaw and Jaeger (1959). 
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Based on this solution Akbari et al. (1986) provided 
an analytical solution to the heat transfer problem in a 
slab with convective boundary condition and sinusoi-
dally varying air temperature. The analytical solution 
JLYHVERWKWKHWHPSHUDWXUHDQGKHDWÀRZSUR¿OHVZLWKLQ
the slab. Integrating the positive (charging) or negative 
GLVFKDUJLQJKHDWÀRZDWWKHVXUIDFHRYHURQHSHULRGLF
cycle yields the dynamic heat storage capacity q of the 
element. This corresponds to the dynamic heat storage 
FDSDFLW\DVGH¿QHGLQ(XURSHDQVWDQGDUG(1,62
A method to calculate the dynamic heat storage capacity 
of an element composed of layers with different thermal 
properties is also presented in EN ISO 13786.
The dynamic heat storage capacity can be calculated 
for different time intervals t, e.g. short term variations 
(t = 1 h), diurnal variations (t = 24 h) or seasonal vari-
ations (t = 8760 h). In this study the capacity was cal-
culated based on a 24 h temperature variation, as the 
performance of night-time ventilation mostly depends 
on the diurnal heat storage. 
The used model includes the following parameters:
+HDWWUDQVIHUFRHI¿FLHQWK :P2K)
- Half thickness of the slab, d (mm)
- Thermal conductivity, O (W/mK)
- Volumetric heat capacity, Uc (J/m3K)
- Time period, t    (h)
These parameters completely describe the heat storage 
capacity of a building element exposed to a sinusoidally 
varying temperature. However, the model does not in-
clude internal and solar heat gains, the ventilation air 
change rate or climatic conditions, which certainly also 
LQÀXHQFHWKHSHUIRUPDQFHRIQLJKWWLPHYHQWLODWLRQ
3. TEMPERATURE PROFILES
The analytical solution given by Akbari et al. (1986) 
ZDVXVHGWRSORWWKHWHPSHUDWXUHSUR¿OHVLQD PP
thick concrete slab (material properties are given in Ta-
ble 1) with a convective boundary condition (h = 10 W/
m2K) and a sinusoidally varying air temperature, 
T
Air
= 24.5±2.5 °C (Fig. 1).
Even at a relatively high heat transfer of h = 10 W/m2K
the amplitude of the surface temperature is reduced to 
44 % of the air temperature amplitude. Compared to the 
surface temperature the amplitude of the core tempera-
ture is still 92 %. This indicates that even for a fairly 
thick element and a high heat transfer at the surface the 
thermal conductivity of concrete (O = 1.8W/mK) is 
VXI¿FLHQWWRXWLOLVHWKHZKROHWKLFNQHVVRIWKHVODE
4. HEAT STORAGE CAPACITY
The heat storage capacity of building elements exposed 
to a sinusoidal temperature variation with a periodic time 
of 24 h was evaluated depending on different parameters.
Table 1: Material properties
O U c
W/mK kg/m3 kJ/kgK
Concrete 1.80 2400 1.1
Lime sand 1.10 2000 0.9
Gypsum 0.40 1000 0.8
MDF 0.18 800 1.7
)LJXUH7HPSHUDWXUHSUR¿OHLQDPPWKLFNFRQFUHWHVODE
with convective boundary condition (h = 10 W/m2K), exposed to 
a sinusoidal air temperature (24.5±2.5 °C) on one side (x = 0)
and adiabatic boundary condition on the other side (x = 100 mm).
7HPSRUDOSUR¿OHDWGLIIHUHQWOD\HUVRIWKHVODE¨[ PPOHIW
DQGVSDWLDOSUR¿OHDWGLIIHUHQWWLPHVWHSV¨W KULJKW
+HDW7UDQVIHU&RHI¿FLHQt
Figure 2 shows the diurnal heat storage capacity de-
SHQGLQJRQWKHKHDWWUDQVIHUFRHI¿FLHQWIRUGLIIHUHQW
materials and slab thicknesses. The properties of the 
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Figure 3: Diurnal heat storage capacity, q of a concrete slab depend-
LQJRQWKHWKLFNQHVVGIRUGLIIHUHQWKHDWWUDQVIHUFRHI¿FLHQWVK
4.3 Volumetric Heat Capacity
The impact of the volumetric heat capacity, Uc is dis-
played in Figure 4. The heat storage capacity of very 
light materials such as insulation materials with 
Uc < 0.1 MJ/m3K is generally very small. Even for a 
slab with half-thickness d = 100 mm and a high heat 
WUDQVIHUFRHI¿FLHQWK :P2K, the heat storage ca-
pacity is only 10 kJ/m2K. Increasing the thermal capac-
ity to the value of concrete (Uc = 2.6 MJ/m3.VLJQL¿-
cantly improves the storage capacity, especially at high 
KHDWWUDQVIHUFRHI¿FLHQWVK WR:P2K) to maxi-
mum 158 kJ/m2K. Further improvement for capacities 
above Uc = 2.6 MJ/m3K is only achieved for thin slabs 
G PPRUDWYHU\KLJKKHDWWUDQVIHUFRHI¿FLHQWV
(h = 20 W/m2K). These are the cases in which the use of 
phase change materials appears to be promising.
Figure 4: Diurnal heat storage capacity, q depending on the heat 
different materials are given in Table 1.
7KHLPSDFWRIWKHKHDWWUDQVIHUFRHI¿FLHQWGHSHQGV
greatly on slab thickness and the thermal properties of 
the material. For thin slabs (d = 15 mm) the heat storage 
FDSDFLW\LVDOPRVWFRQVWDQWIRUKHDWWUDQVIHUFRHI¿FLHQWV
higher than h = 3 W/m2K. In contrast, for thick slabs in-
FUHDVLQJWKHKHDWWUDQVIHUFRHI¿FLHQWXSWRK :P2K
VLJQL¿FDQWO\LQFUHDVHVWKHGLXUQDOKHDWVWRUDJHFDSDFLW\
Generally, the storage capacity of thin elements, such 
as gypsum boards used for light-weight wall construc-
WLRQVRUPHGLXPGHQVLW\¿EUHERDUGV0')XVHGIRU
furniture is rather small compared to thick and heavy 
elements such as a concrete ceiling or lime sand brick 
walls. However, especially at a low heat transfer coef-
¿FLHQWDQGLQFRQVLGHUDWLRQRILWVODUJHVXUIDFHDUHD
furniture might still make a notable contribution to the 
total heat storage capacity of a room.
4.2 Slab Thickness
Increasing the slab thickness clearly raises the diur-
nal heat storage capacity until a maximum is reached. 
Beyond the maximum the capacity decreases slightly 
and converges to a constant value as the thickness ap-
SURDFKHVLQ¿QLW\)LJ 7KLVVRPHZKDWVXUSULVLQJ
effect has been described previously (e.g. Gruber and 
Toedtli, 1989) and is explained by the superposition of 
DQLQFLGHQWZDYHDQGDUHÀHFWHGZDYH:LWKLQFUHDVLQJ
KHDWWUDQVIHUFRHI¿FLHQWWKHPD[LPXPEHFRPHVPRUH
distinct. Additionally the optimum thickness of a con-
crete slab increases from about d = 90 mm to 140 mm
LIWKHKHDWWUDQVIHUFRHI¿FLHQWLQFUHDVHVIURPK  :
m2K to h = 30 W/m2.7KHPRVWVLJQL¿FDQWGHFUHDVH
between the maximum capacity and the capacity of an 
LQ¿QLWHVODEDOVRRFFXUVDWWKHKLJKHVWKHDWWUDQVIHUFRHI-
¿FLHQWDQGDPRXQWVWRDERXW IRUK  :P2K.
Figure 2: Diurnal heat storage capacity, q depending on the heat 
WUDQVIHUFRHI¿FLHQWKIRUGLIIHUHQWPDWHULDOVDQGVODEWKLFNQHVVHV
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temperature range. The thermal conductivity also de-
pends on the temperature and especially differs for the 
solid and liquid phase. These non-linear thermal proper-
ties complicate the representation of PCMs in physical 
models.
For a rough estimation of the effect of PCMs on the heat 
storage capacity a very simple model was used in this 
study. Assuming that the heat of fusion, 
fusion
H'  is in-
troduced continuously over the range of the temperature 
ÀXFWXDWLRQ T' , the PCM was considered by applying 
an increased heat capacity:
T
H
cc fusion
sensiblePCM '
' 
(1)
7KHWHPSHUDWXUHÀXFWXDWLRQ T'  was set to 5 K, accord-
ing to the comfort range given in prEN 15251 (2006), 
category III. For a building material with integrated 
PCM, the resulting volumetric heat capacity, Uc and the 
conductivity, O were calculated according to the weight 
proportions. The values yielded for gypsum with 20 %
and 40 % PCM (O = 0.2 W/mK, U = 800 kg/m3, c
sensi-
ble
= 2.0 kJ/kgK, fusion
H'
= 200 kJ/kg)
are given in Table 2.
Table 2: Properties of gypsum including PCM
O Uc
W/mK MJ/m3K
Gypsum, 20 % PCM 0.36 8.7
Gypsum, 40 % PCM 0.32 15.9
Figure 6: Effect of integrated PCM on the diurnal heat storage ca-
SDFLW\TGHSHQGLQJRQWKHKHDWWUDQVIHUFRHI¿FLHQWK*\SVXPSODV-
ter board with different PCM contents compared to concrete slabs.
The heat storage capacity of a 15 mm thick gypsum 
plaster board with different PCM contents compared to 
concrete slabs is shown in Figure 6. Even at relatively 
FDSDFLW\ȡFIRUGLIIHUHQWKHDWWUDQVIHUFRHI¿FLHQWVKDQGVODE
WKLFNQHVVHVGȜ :P.
Figure 5: Diurnal heat storage capacity, q depending on the ther-
PDOFRQGXFWLYLW\ȜIRUGLIIHUHQWKHDWWUDQVIHUFRHI¿FLHQWVKDQG
VODEWKLFNQHVVHVGȡF 0-P.
4.4 Thermal Conductivity
Figure 5 shows the impact of the thermal conductivity, O
of the slab material. For thin slabs (d = 15 mm) there is 
almost no impact of the conductivity in the range from 
O = 0.05 W/mK and O = 50 W/mK. For thicker slabs 
the heat storage capacity increases with increasing con-
ductivity. However, in most cases the storage capacity 
increases only slightly for conductivities above 1.8 W/
mK (concrete). Only in the case of a very thick slab 
(d = 100 mm) in combination with a high heat transfer 
FRHI¿FLHQWK  :P2K) does the storage capacity 
increase with conductivities up to 50 W/mK.
5. PHASE CHANGE MATERIALS
A well known possibility for increasing the thermal 
heat capacity of building elements is the integration 
of phase change materials (PCM). PCMs, like paraf-
¿QVRUVDOWK\GULGHVDEVRUEDQGUHOHDVHDFRQVLGHU -
DEOHDPRXQWRIKHDWGXULQJWKHPHOWLQJDQGVROLGL¿FD -
tion process. If the melting temperature of the PCM 
lies in the range of thermal comfort, the latent heat 
can be utilised to increase the heat storage capac-
ity of a building element. A possible approach is the 
integration of micro-encapsulated PCMs into gyp-
sum plaster boards or plaster (Schossig et al. 2005). 
PCMs are characterised by an increased heat capacity 
at melting temperature, as the heat of fusion needs to be 
applied for a further temperature increase. Ultra-pure 
materials show a sharp melting temperature, but typi-
cally the heat of fusion is introduced within a certain 
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ORZKHDWWUDQVIHUFRHI¿FLHQWVK:P2.DVLJQL¿FDQW
effect of the PCM can be recognised. While the heat ca-
pacity of the plain gypsum plaster board is constant for 
KHDWWUDQVIHUFRHI¿FLHQWVDERYH :P2K, the capacity 
of the boards with integrated PCM continuously increase 
ZLWKLQFUHDVLQJKHDWWUDQVIHUFRHI¿FLHQWVXSWR :
m2K. The plaster boards with 20 % and 40 % PCM con-
tent show similar performance to a 50 mm and 100 mm
thick concrete slab, respectively. This clearly shows the 
feasibility of PCM integration for improving the ther-
mal performance of light-weight wall constructions.
However, considering the simplicity of the PCM model, 
the presented results should be seen as a rough indica-
tion only. The heat of fusion was divided by the maxi-
mum temperature range expected for the operative room 
temperature, although the temperature variation inside 
WKHEXLOGLQJHOHPHQWPLJKWEHVLJQL¿FDQWO\VPDOOHUFS
Fig. 1). This leads to an underestimation of the heat stor-
age effect of the PCM. On the over hand if the melting 
range of the PCM lies partly outside the material’s tem-
SHUDWXUHÀXFWXDWLRQWKHODWHQWKHDWFDSDFLW\PLJKWQRW
be utilised. For a more detailed PCM model the dynamic 
PHOWLQJDQGVROLGL¿FDWLRQSURFHVVHVDQGWKHWHPSHUDWXUH
dependency of the material properties need to be consid-
ered. A possible approach for the numerical modelling 
of PCMs has been presented by Egolf and Manz (1994).
6. CONCLUSIONS
An analytical solution to the heat transfer problem in a 
slab with convective boundary condition and sinusoi-
dally varying air temperature was used to investigate 
the impact of different parameters on the heat storage 
capacity of building elements. The following effects 
were found:
- The heat storage capacity of thick thermally heavy el-
HPHQWVVLJQL¿FDQWO\LQFUHDVHVZLWKDQLQFUHDVLQJKHDW
WUDQVIHUFRHI¿FLHQWXSWR:P2K.
- The heat storage capacity of thin thermally light ele-
PHQWVLVDOPRVWFRQVWDQWIRUKHDWWUDQVIHUFRHI¿FLHQWV
higher than 3 W/m2K.
- The optimum thickness of an element depends on the heat 
WUDQVIHUFRHI¿FLHQWWKHRSWLPXPKDOIWKLFNQHVVRIDFRQ-
crete slab increases from about 90 mm to 140 mm if the heat 
WUDQVIHUFRHI¿FLHQWLQFUHDVHVIURP:P2K to 30 W/m2K.
- In most cases the thermal conductivity of concrete 
(O :P.LVVXI¿FLHQWRQO\DWDKLJKKHDWWUDQV -
IHUFRHI¿FLHQWK :P2K) does the storage capac-
ity of a very thick slab (d = 200 mm) increase with con-
ductivities up to 50 W/mK.
7KHLQWHJUDWLRQRISKDVHFKDQJHPDWHULDOVFDQVLJQL¿-
cantly increase the heat storage capacity of building ele-
ments. A 15 mm gypsum plaster board with 40 % PCM 
content shows similar performance to a 100 mm thick 
concrete slab.
The heat storage capacity of building elements is an 
important precondition for the application of night-time 
ventilation. However, the effectiveness of night-time 
ventilation also depends on other parameters such as in-
ternal and solar heat gains, outdoor air temperature and 
ventilation air change rate, which were not considered 
in the model used in this study. Additionally, several 
building elements with different properties are typically 
present in a real room. If the different elements have 
different surface temperatures, energy is not only trans-
ferred by convection to the room air, but also by radia-
tion between the elements. The impact of the heat stor-
age capacity compared to other parameters, the inter-
action of different building elements and the impact of 
convective and radiative heat transfer needs to be inves-
tigated in more detail e.g. by building energy simulation. 
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Functional principle of thermocouples [1]
In 1821, the German–Estonian physicist Thomas Johann Seebeck discovered that when any conductor 
(such as a metal) is subjected to a thermal gradient, it will generate a voltage. This is now known as the 
thermoelectric effect or Seebeck effect. Any attempt to measure this voltage necessarily involves connecting 
another conductor to the "hot" end. This additional conductor will then also experience the temperature 
gradient, and develop a voltage of its own which will oppose the original. Fortunately, the magnitude of the 
effect depends on the metal in use. Using a dissimilar metal to complete the circuit creates a circuit in which 
the two legs generate different voltages, leaving a small difference in voltage available for measurement 
(Figure 1). That difference increases with temperature, and can typically be between one and seventy micro-
volts per Kelvin (µV/K) for the modern range of available metal combinations. Certain combinations have 
become popular as industry standards, driven by cost, availability, convenience, melting point, chemical 
properties, stability, and output. This coupling of two metals gives the thermocouple its name. 
It is important to note that thermocouples measure the temperature difference between two points, not 
absolute temperature. In traditional applications, one of the junctions – the cold junction – was maintained at 
a known (reference) temperature, while the other end was attached to a probe. An ice bath made of finely 
crushed ice and air saturated water (0 °C) was used as reference. 
Having available a known temperature cold junction, while useful for laboratory calibrations, is simply not 
convenient for most directly connected indicating and control instruments. They incorporate into their circuits 
an artificial cold junction using some other thermally sensitive device, such as a thermistor or diode, to 
measure the temperature of the input connections at the instrument, with special care being taken to 
minimize any temperature gradient between terminals. Hence, the voltage from a known cold junction can be 
simulated, and the appropriate correction applied. This is known as cold junction compensation. 
 
Figure 1. Functional principle of thermocouples 
Type K thermocouples 
The type K thermocouple consists of two different nickel alloys called Chromel (90 % nickel and 10 % 
chromium) and Alumel (95% nickel, 2% manganese, 2% aluminium and 1% silicon). In the following the 
abbreviations CHR for Chromel and AL for Alumel are used. The sensitivity of the type K thermocouple is 
approximately 41 µV/K. Different colour codes exist for type K thermocouple wires (Table 1). 
Deviations in the alloys can affect the accuracy of thermocouples. For type K thermocouples the tolerance 
class one is given as ± 1.5 K between -40 and 375 °C. However, deviations between thermocouples coming 
from the same production are very small and a much higher accuracy can be achieved by individual 
calibration.  
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Table 1. Different colour codes for type K thermocouple wires 
Colour code Chromel (+) Alumel (-) 
IEC Green White 
DIN Red Green 
BS Purple Blue 
ANSI Yellow Red 
 
Additionally, local changes of the alloys at the junction of the two thermocouple wires can affect the 
thermoelectric potential. This kind of local changes can occur if heat is applied during the joining process, 
e.g. during welding or soldering. 
All thermocouples used in these experiments were made of type K thermocouple wires. Aluminium tips were 
used to make the junctions (Figure 2). Using a special tool the aluminium tips were pressed to the wires 
without applying heat.  
 
Figure 2. Thermocouple with aluminium tip. 
Basic thermocouple circuits 
Figures 3 and 4 show two different basic thermocouple circuits. In the first one (Figure 3) the potentiometer is 
included in one of the thermocouple wires. In this case a possible temperature difference between the input 
terminals of the potentiometer could affect the measurement. In order to exclude this error, both 
thermocouple wires can be connected to copper transmission lines (Figure 4). In this case the reference is 
the temperature of these two junctions. 
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Figure 3. Basic thermocouple circuit. 
 
Figure 4. Basic thermocouple circuit with copper transmission lines. 
Measurement of temperature differences 
If the quantity of interest is not an absolute temperature but a temperature difference, no reference junction 
is needed. In this case several thermocouples can be connected in series with each other to form a 
thermopile, where all the hot junctions are exposed to the higher temperature and all the cold junctions to the 
lower temperature (Figure 5). Thus, the voltages of the individual thermocouples add up, which allows for a 
larger signal and higher accuracy. 
 
 
Figure 5. Three thermocouples connected in series with each other forming a thermopile. 
Fluke Helios Plus 2287A data logger 
The Helios Plus 2287A is a modular data acquisition system for measuring voltage, current, resistance, 
temperature etc. The Helios data loggers used are equipped with a High Accuracy A/D Converter (161) and 
5 Thermocouple/DCV Scanners (162) each of which sequentially switches 20 channels to the A/D converter. 
Therefore 100 channels are available at each Helios data logger. The resolution of the data logger is 
0.488 μV. Using type K thermocouples this corresponds to about 0.012 K. For all experiments, the data 
logger was configured to measure every 10 seconds. 
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Two different types of connectors are available for measuring temperature and voltage. The 
Thermocouple/DCV Connector (175) and the DC Voltage Input Connector (176) both provide 20 channels 
with 3 screw terminals, ‘High’, ‘Low’ and ‘Shield’ for each channel. The screw terminals of the 
Thermocouple/DCV Connector (Figure 6) are embedded in an aluminium block to keep them isothermal. 
Additionally there is a thermistor measuring the temperature of the aluminium block. The Thermocouple/DCV 
Connector can be used to connect thermocouples directly. If configured for temperature measurement, the 
measured voltage signal is converted to an absolute temperature (in °C or °F) using the temperature 
measured by the thermistor as reference. The Thermocouple/DCV Connector can also be configured to 
measure voltage without applying the thermistor. The DC Voltage Input Connector provides the same 
terminals, but without the aluminium block and the thermistor. It can only be used for voltage measurement. 
 
Figure 6. FLUKE Thermocouple/DCV Connector (175), cover removed to show the aluminium block and 
the thermistor. 
As all channels are switched to the same A/D converter, the difference in the measured voltage between 
different channels is very small. Small differences can be caused by thermoelectric potentials generated in 
the electric circuits of the scanners. This offset can be measured if the input terminals are short-circuited. 
The offsets measured for all channels were between 1.7 and 7.9 μV. For type K thermocouples this 
corresponds to a maximum error of ± 0.075 K. However, the accuracy of the measurements was not found to 
be improved when the offsets were subtracted from the measured signals. The reason for this might be that 
the offsets are not constant over time. 
Ice point reference 
Instead of using the temperature of the input terminals measured by the thermistor as reference, an ice point 
reference can be applied. By definition the temperature of an ice bath made of finely crushed ice and air 
saturated water is 0 °C, the reference point for most thermocouple tables. Automatic ice bath reference 
systems follow the same principle. 
One KAYE K170-6 with 6 channels and one KAYE K 170-50 (Figure 7) with 50 channels were used. Both 
instruments contain a sealed cell filled with pure water. A sensitive bellows is an integral part of the cell. 
When power is turned on, the cell is chilled by a Peltier cooler. As ice is formed, there is an increase in 
volume which causes the bellows to extend. When a sufficient amount of ice is formed, the extending 
bellows will actuate a micro-switch, causing the power supply to turn off. Ambient heat will then melt a small 
amount of ice, which results in a decrease in volume, ultimately turning the power supply on again, and the 
cycle repeats. A pilot light is connected in parallel to the Peltier cooler. A cycling condition of the pilot light 
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gives a positive indication that the system is functioning properly. Utilizing only the volume change of water 
at its freezing temperature for control offers an inherent stability of the temperature in the cell. The Kaye 
Automatic Ice Bath is capable of operating continuously with an error less than 0.02 K [2]. 
 
Figure 7. KAYE 170-50 ice point reference with 50 channels. 
The wiring setup for measurements using an ice point reference and copper transmission lines is shown in 
Figure 8. The junctions connecting the thermocouple wires to copper wires are placed within the water and 
ice cell of the ice point reference. In order not to introduce additional thermocouples it is important, that the 
entire connections from the measuring junctions to the reference junctions, including the screw terminals are 
made from the same material. Therefore no wire end sleeves or the like should be used to connect the 
thermocouples to the ice point reference. In the configuration shown in Figure 8 the measured voltage signal 
corresponds to the temperature difference between the measuring junctions and the reference junctions. As 
the temperature of the reference junctions is 0 °C, the temperature of the measuring point can be found 
directly from a standard thermocouple table. 
 
Figure 8. Wiring setup for temperature measurements using an ice point reference and copper 
transmission lines. 
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Accuracy of measurements using the Thermocouple/DCV Connector 
As the number of channels of the ice point reference is limited, the accuracy of measurements using the 
Thermocouple/DCV Connector and the thermistor as reference (Figure 9) should be examined. If 
thermocouples are connected directly to the Thermocouple/DCV Connector, the measured voltage signal 
corresponds to the temperature difference between the measuring point and the input terminals of the 
connector (reference junctions). As the reference temperature is only measured at one point (thermistor in 
the centre of the connector), any temperature difference between the input terminals and the reference point 
will have a direct impact on the accuracy of the measurement. 
 
Figure 9. Setup for measurements using the thermistor to determine the reference temperature.  
In order to test the temperature gradient across the Thermocouple/DCV Connectors (Figure 6) six channels 
were connected to the KAYE K170-6 ice point reference. For the connection of the ice point reference to the 
data logger thermocouple wires were used according to the ice point terminals CHR and AL, and the copper 
outputs of the ice point reference were short-circuited by copper (COP) wires (Figure 12). The 6 channels of 
the ice point reference were connected to the terminals 0 (left), 10 (centre), and 19 (right) of two 
Thermocouple/DCV Connectors, respectively. The two connectors were placed in the first and second slot of 
the Helios data logger (Figure 11). These correspond to the channels 1, 11, 20, 21, 31 and 40. 
In this configuration (Figure 12) the data logger measures the thermoelectric potential corresponding to the 
temperature difference between the ice point and the respective terminals of the Thermocouple/DCV 
Connectors. As all junctions in the ice point reference have the same temperature, differences in the 
measured voltage are caused by temperature differences of the input terminals. 
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Figure 10. KAYE K170-6 ice point reference with thermocouples connected to the CHR/AL inputs and COP 
outputs short-circuited. 
 
Figure 11. Fluke Helios Plus 2287A data logger (back view). 
 
Figure 12. Setup for testing the temperature gradients across the Thermocouple/DCV Connectors. 
The measured voltage signals (Figure 13) clearly show that the upper connector (channels 1 to 20) is 
warmer than the lower one (channels 21 to 40). The difference in voltage of about 40 μV corresponds to 
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about 1 K temperature difference. At the upper connector the input terminal 0 (channel 1) is clearly warmer 
than the other two. At the lower input block the temperature increases from the left (channel 21) to the right 
(channel 40). Within the connectors the differences are about 10 μV or 0.25 K. 
These temperature differences between different input terminals are added to the temperatures measured at 
the different channels. If the differences between different channels are constant over time, these errors can 
be excluded by calibration. However, considering variations of the air temperature in the lab and possibly 
sun irradiation, considerable errors may remain. 
The measurement shown in Figure 13 was started immediately after the data logger was turned on. The 
large gradient in the voltage signal in the beginning of the measurement shows that the temperature of the 
input terminals is affected by the heat production of the data logger and the air movement caused by the 
cooling fan. Therefore, in any case, the data logger should be turned on at least 2 h before a measurement 
is started. 
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Figure 13. Measured voltage corresponding to the temperature difference between the ice point reference 
and different input terminals of two FLUKE Thermocouple/DCV Connectors. 
Compensation box 
Another alternative is to use an external compensation box, where the thermocouples are connected to 
copper wires. The copper wires are then connected to the data logger. In this case the measurement is 
independent of the temperatures of the input terminals of the data logger. The measured thermoelectric 
potential corresponds to the temperature difference between the measuring point and the junctions in the 
compensation box. In an insulated box these junctions can be well protected from ambient conditions. 
For the evaluation of the measured voltage signal the temperature of the junctions in the compensation box 
needs to be known. The temperature of the reference junction can be measured by an additional 
temperature sensor, e.g. a resistance temperature sensor (PT 100). Alternatively, one channel can be 
connected to an ice point reference, while the other channels are used for measuring. The voltage signal of 
the reference channel then corresponds to the temperature difference between the compensation box and 
the ice point, and the temperature of the compensation box can be calculated. 
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In order to test this method, copper wires were used to connect the thermocouples to the data logger. The 
other ends of the thermocouples were connected to the ice point reference with the copper outputs short-
circuited (Figure 14). The junctions of the thermocouples to the copper wires were attached to a massive 
metal block which was insulated with EPS (Figure 15). The voltage signals measured during the experiment 
with this configuration are shown in Figure 16. The maximum difference in the mean values between 
different channels is 2 μV corresponding to about 0.05 K. 
 
Figure 14. Setup for testing an external compensation box. 
 
Figure 15. CHR/COP and AL/COP junctions attached to a massive metal block, insulated with EPS. 
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Figure 16. Voltage measured during preliminary test using an external compensation point. 
For the final setup a more advanced compensation box developed at Empa was used (Figure 17). It consists 
of 16 terminal blocks with 20 terminals (10 channels) each. Thus in total 160 thermocouples can be 
connected. The terminal blocks are embedded in an aluminium block to maintain a homogeneous 
temperature. Resistance temperature sensors (PT 100) are placed in the centre line of the aluminium block 
to measure the reference temperature. 
The box containing the aluminium block including the circuit boards is made of XPS for thermal insulation. 
Additionally the terminals are shielded by an aluminium sheet to reduce radiation heat exchange. The 
performance of the compensation box was estimated by applying a temperature step of 2 K in a climatic 
chamber. The maximum temperature difference measured between different channels was 0.005 K. 
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Figure 17. Compensation box with 160 channels. Cover and radiation shield removed. 
Calibration 
As deviations in the thermocouple alloys can affect the thermoelectric potential, the used thermocouple wires 
were calibrated. The thermoelectric potential does not only depend on the temperature difference between 
the two junctions but also on the temperature level, i.e. if Tref = 0 °C and Tmp = 20 °C does not give exactly 
the same voltage as if T ref = 10 °C and Tmp = 30 °C. Therefore calibration needs to be done at a defined 
reference temperature. Normally 0 °C is used as reference temperature. 
Because of the dependency on the temperature level, the slope of the calibration curve is not constant and a 
linear interpolation would cause an error. For the small temperature range between 8 and 30 °C this error 
amounts to about ± 0.04 K. A 3rd order polynomial was found to be sufficient to exclude this error. 
The non-linearity of the calibration curve also affects the evaluation of the measured data (Figure 18). If the 
reference temperature during the measurement is not the same as during the calibration, the measured 
voltage signal can not be converted to the temperature difference directly. In this case, first the reference 
voltage corresponding to the known reference temperature needs to be determined. The measured voltage 
is then added to the reference voltage. The temperature at the measuring point is yielded by applying the 
resulting voltage to the calibration curve.  
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Figure 18. Data evaluation for the case when the reference temperature, Tref is not 0 °C 
Two different types of wires were calibrated: 
1. Thin wires without additional insulation. 1/0.2 mm TYPE K PFA TW-PR, Class 1, 1/2 Tolerance, -40 to 
375 °C, Batch No 2912 01+02, IEC colour code. 
2. Thick wires with shield and insulation. Thermocoax 2 AB 35 DIN 
For calibration of the thin wires two thermopiles, each composed of two thermocouples were used. Two 
isothermal calibration devices were used to maintain the junctions at defined temperatures. The cold 
junctions were maintained at 0 °C, while the temperature of the hot junctions was varied between 8 and 
30 °C. The temperature difference was measured with a high precision thermometer and the voltage was 
measured by a high precision voltmeter. To compensate for the two thermocouples per thermopile the 
measured voltage was divided by 2. The calibration data for the two thermopiles is given in Table 2. 
A third order polynomial (ΔT = p1(U)) was fitted to the mean value of the two series of data points. To 
improve the numerical properties of both the polynomial and the fitting algorithm a centring and scaling 
transformation was applied (see Matlab function ‘polyfit’ [3]). Figure 19 shows the difference between the 
values obtained by this polynomial and the measured values. The error is less than ± 0.023 K. 
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Table 2. Calibration data for thin thermocouple wires. 
ΔT1 (K) U1 (V) ΔT2 (K) U2 (V) 
8.128 321.1 8.124 319.1
10.091 399.7 10.091 398.3
12.080 479.5 12.072 478.3
14.050 558.9 14.047 557.8
16.023 638.5 16.016 637.4
18.008 718.7 17.988 718.2
19.981 799.0 19.979 799.0
21.957 879.1 21.958 879.3
23.912 958.3 23.910 958.9
25.887 1038.8 25.890 1039.5
27.851 1118.8 27.857 1120.1
29.842 1200.2 29.857 1202.0
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Figure 19. Calibration error for two thermopiles made of the thin thermocouple wires.  
The thick thermocouples were only used in combination with the ice point reference and were therefore 
calibrated together with the KAYE 170-50 ice point reference and the Helios data logger. By calibrating the 
entire system together, the total error can be minimised. Four thick thermocouples were calibrated using the 
KAYE 170-50 as reference and an isothermal calibration device for the hot junctions. A high precision 
thermometer was used to measure the temperature of the isothermal calibration device (Isocal-6, Venus 
2140 B Plus) and the Helios data logger was used to read the voltage. The calibration data is given in Table 
3. 
A third order polynomial (ΔT = p2(U)) was fitted to the mean value of the four series of data points. To 
improve the numerical properties of both the polynomial and the fitting algorithm a centring and scaling 
transformation was applied (see Matlab function ‘polyfit’ [3]). Figure 20 shows the difference between the 
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values obtained by this polynomial and the measured values. The error is less than ± 0.028 K. This error also 
includes possible deviations between different channels of the ice point reference and the Helios data logger. 
Figure 21 shows the two calibration curves p1 and p2 obtained for the thin and thick thermocouples, 
respectively. The difference between the two curves amounts to maximum ± 0.125 K.  
Table 3. Calibration data for thick thermocouples. 
ΔT (K) U1 (V) U2 (V) U3 (V) U4 (V) 
8.111 317.2 317.0 317.9 318.8
10.091 396.1 395.8 396.6 397.2
12.058 474.3 474.1 475.0 475.3
14.034 553.0 552.7 553.6 553.7
16.028 632.8 632.7 633.5 633.4
18.734 741.5 741.4 742.1 741.9
20.746 822.2 822.1 823.0 822.4
22.757 903.3 902.9 904.0 903.2
24.759 984.0 983.7 984.6 983.6
26.768 1065.2 1064.9 1065.8 1064.6
28.769 1146.3 1145.9 1146.9 1145.5
30.772 1227.4 1226.8 1227.9 1226.3
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Figure 20. Calibration error for 4 different thick thermocouples. 
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Figure 21. Calibration curves for two different types of thermocouple wires (p1: thin and p2: thick) and their 
difference. 
Final setup and data evaluation 
For the final setup two Helios data loggers, the KAYE 170-50 ice point reference and the compensation box 
with 160 channels were used (Figure 22). 37 thick thermocouples were connected to the ice point reference 
and the Helios data logger No. 233. In total 141 thin thermocouples were connected to the compensation 
box, 60 to the data logger No. 233 and 81 to the data logger No. 283. Two channels of each data logger 
were applied as reference for the compensation box. As the thick thermocouples were calibrated together 
with the ice point reference, thick thermocouples were used to connect the four reference channels from the 
compensation box to the ice point reference. The corresponding outputs of the ice point reference were 
short-circuited. Additionally 17 channels of the data logger No. 283 were applied for direct temperature 
difference measurements. 
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Figure 22. Setup with two Helios data loggers, a KAYE ice point reference and a compensation box 
providing 178 channels for temperature measurement and 17 channels for direct temperature difference 
measurement. 
For the 37 channels of the data logger no. 233 with thick thermocouples connected to the ice point reference 
the calibration curve p2 was applied. 
For the thermocouples connected to the compensation box the data evaluation was more complicated. In 
order to exclude the difference between the two calibration curves the reference temperature (temperature in 
the compensation box, Tref) was calculated from the voltage, Uref measured at the reference channels 
applying the calibration curve p2: Tref = p2(Uref). The inverse function of the other calibration curve, p1‘ was 
then applied to calculate the reference voltage corresponding to the temperature of the compensation box for 
the thin thermocouples. This reference voltage was then added to the signal, U measured at the remaining 
channels. The temperature, T at the measuring points was obtained from the resulting voltage using the 
calibration curve p1: T = p1(p1’(Tref) + U) 
All sensors for temperature difference measurements were made of the thin thermocouple wires. As the 
exact reference temperature was not known, a linear calibration was used. The reference temperature was 
expected to be in the range from 14 to 22 °C. The gradient of the calibration curve p1 between 14 and 22 °C 
was therefore used to calculate the temperature difference from the measured voltage signals 
(ΔT = U 0.02464 K/μV). 
Noise / grounding problems 
In order to prevent noise in the voltage signals it is important that all measurement devices including the 
computers and monitors used for data logging are properly grounded without creating any ground loops. 
Ground loops are formed if there are several ground connections between different parts of the system. If 
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radiation from external noise sources penetrates the setup, currents are generated in the loop and 
transformed into the signal lines. 
To prevent ground loops each device needs to be connected to the ground at only one point. The shield of 
data cables or the like might connect the ground potential of two devices. In this case only one of the devices 
should be connected to the ground by the power supply cable.  
Furthermore, devices like a frequency transformer used to control the speed of a fan might generate noise 
which can be transferred to the measurement system by the power cables. If this is the case, the device 
causing the noise should be connected to a different power plug. 
Estimation of accuracy 
The accuracy of the temperature measurement is affected by many different factors. The sources of 
uncertainty are: 
• Voltage measurement of the data logger (resolution: 0.012 K, maximum offset between different 
channels ± 0.075 K) 
• Cell temperature of the ice point reference (± 0.02 K) 
• Composition of the thermocouple alloys (± 1.5 K, after calibration, thick: ± 0.028 K, thin: ± 0.023 K) 
• Local changes of the alloys at the junction (minimised by cold joining) 
• Material of wires and terminals of the ice point reference (included in calibration of the thick 
thermocouples) 
• Temperature difference between different channels of the compensation box (± 0.005 K) 
The total uncertainty is estimated by quadrature addition. For the thick thermocouples connected to the ice 
point reference follows: 
K083.0028.002.0075.0 222 =++=thickδ  
And for the thin thermocouples connected to the compensation box: 
K086.0023.0005.0028.002.0075.0 22222 =++++=thinδ   
When measuring air or surface temperatures the accuracy is also affected by radiation from surrounding 
surfaces. 
To give an impression of the accuracy achieved, Figure 23 shows the temperatures measured in 5 different 
layers of the ceiling element 30 minutes before and after night-time ventilation was started. Before the 
experiment was started the difference between the internal (A) and the external (E) surface of the ceiling 
element is about 0.1 K. The results from the sensors in the intermediate layers (B C and D) lie in between 
and form a reasonable gradient. 
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Figure 23. Temperatures measured in 5 different layers of the ceiling element 30 minutes before and after 
night-time ventilation was started. 
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Setup of the test room 
Originally, ‘DET LILLE HUS PÅ PRÆRIEN’ (Figure 1 to Figure 3) was a wooden construction insulated with 
100 mm rock wool. The internal surfaces were covered with 19 mm plywood. Externally the walls were 
covered with 16 mm wooden boards and the roof with 22 mm plywood. In previous experiments the chamber 
was used to simulate a room with an external facade. Therefore a small part was separated to simulate the 
outdoor climate. The separation wall was insulated with 240 mm rock wool and covered with 12 mm 
chipboards on both sides. 
For a previous PhD study on night time ventilation by Jensen [1] a massive ceiling element made of 7 layers 
of 12.5 mm gypsum boards was installed. For additional insulation, a layer of 50 mm rock wool between 
wooden beams was placed between the ceiling element and the former roof. In total 110 thermocouples 
were installed in 5 different layers of the ceiling element.  
For the experiments described here, additional insulation was installed at the internal surfaces in order to 
improve the boundary conditions. The insulation was installed in 3 layers, so that sensors could be placed in-
between. The total thickness of the insulation made of expanded polystyrene (EPS) was 160 mm (30 + 30 + 
100) at the walls and 230 mm (100 + 30 + 100) at the floor. Along the edge of the ceiling the gypsum boards 
were cut, so that the new insulation could be extended to the rock wool layer (Figure 3).  
After installation of the insulation the internal dimensions were 2.64 m x 3.17 m x 2.93 m (width x length x 
height) resulting in a volume of 24.52 m3. 
 
 
Figure 1. The test room ‘DET LILLE HUS PÅ PRÆRIEN’ 
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Figure 2. Plan view of the test room. 
 
Figure 3. Vertical section of the test room 
Ventilation system 
A mechanical ventilation system was installed to supply air at a defined temperature to the test room. A 
schematic diagram of the ventilation system is shown in Figure 4. Air is taken from the lab and flows through 
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a filter and two heat exchangers for cooling and heating. The heating and cooling power is controlled by 
motor-operated valves and a PID controller. The temperature sensor for the controller is placed after the fan. 
The fan speed can be controlled by a frequency transformer to set the air flow rate. The ventilation system 
was capable of providing an air flow rate of about 56 - 330 m3/h, corresponding to 2.3 - 13 air changes per 
hour (ACH).  
In order to obtain stable supply air conditions at the beginning of an experiment, a bypass valve was 
installed. By switching the bypass valve, ventilation of the test room can be started without changing the air 
flow rate through the air conditioning unit. In order to achieve the same flow rate through the bypass and the 
test room, the resistance of the bypass was adjusted by a control valve at the end of the bypass. Orifices for 
measuring the flow rate were installed in the supply air pipe to the test room and in the bypass. The pressure 
difference over the orifice was measured using a micro-manometer. Two different orifices with 100 mm and 
160 mm diameter were used for low and high airflow rates, respectively. The accuracy of the air flow 
measurement was about ± 5 %. 
Another fan with variable speed was installed in the exhaust pipe. To prevent air from flowing through 
leakages into the test room, the speed of the exhaust fan was adjusted aiming a very small overpressure 
(0.1 Pa) in the test room.  
 
 
Figure 4. Schematic diagram of the ventilation system. 
Two different configurations of the air in- and outlet openings of the test room representing mixing and 
displacement ventilation were investigated (Figure 5). In case of mixing ventilation, the air inlet to the test 
room was a rectangular opening of 830 mm width and 80 mm height located directly below the ceiling 
(Figure 6). To obtain a uniform velocity profile, two fleece filters were placed approximately 25 and 35 cm 
before the opening. For the air outlet there were two circular openings of 110 mm close to the floor.  
For displacement ventilation the same rectangular opening below the ceiling was used as outlet and a 
semicircular displacement inlet device was placed at the floor on the same side of the test room (Figure 7). 
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Figure 5. Configurations of the air in- and outlet openings of the test room for mixing (left) and 
displacement (right) ventilation 
    
Figure 6. Ventilation openings. Left: Opening used as air inlet for mixing ventilation and outlet for 
displacement ventilation. Right: Outlet opening for mixing ventilation. 
 
Figure 7. Inlet device for displacement ventilation. 
Material properties 
The thermal properties of the materials used at the internal surfaces of the test room are important for the 
data evaluation. The thermal conductivity, λ, the specific heat capacity, c and the density, ρ of the gypsum 
boards (Gyproc Gulvplank) used for the ceiling element were measured at Empa (Swiss federal laboratories 
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for materials testing and research). The thermal conductivity, λ and the density, ρ of the EPS (Sundolitt S80) 
used at the walls and the floor were also measured at Empa. For the specific heat capacity, c of the EPS the 
value given in the European standard EN 12524 [2] was used. 
For the calculation of the radiative heat flows between the internal surfaces the emissivities need to be 
known. The ceiling was painted with white paint. The emissivity, ε of a sample painted with the same paint 
was measured at Empa using a calorimetric method. Because of the low thermal conductivity and the partial 
transparency the calorimetric method did not work for EPS. Therefore the emissivity of EPS was measured 
at ZAE Bayern using a Fourier-Transformation-InfraRed (FTIR) spectrometer and an integrating sphere [3]. 
The material properties including uncertainties are summarised in Table 1. 
For the determination of the air flow rate the density of the air was calculated according to the temperature 
and the humidity in the lab and the atmospheric pressure. The heat capacity of the air was assumed to be 
constant, cAir = 1005 J/kgK. 
Table 1. Properties of the materials used at the internal surfaces of the test room. 
 λ (W/mK) ρ (kg/m3) c (J/kgK) ε (-) 
Gypsum board 0.28 ± 0.01 1127 ± 10 1006 ± 100 - 
Expanded polysteren (EPS)  0.037 ± 0.001 16.0 ± 0.1 1450 ± 100 0.73 ± 5%
White paint (Ceiling) - - - 0.90 ± 5%
 
Measurement instrumentation and location of sensors 
For temperature measurements two Fluke Helios Plus 2287A data loggers with 100 channels each and one 
Grant Squirrel 2040 data logger with 32 channels were used. The setup of the Helios data loggers using 178 
channels for temperature measurement and 17 channels for temperature difference measurement is 
described in detail in [4]. The accuracy of the measurement system using the Helios data loggers was 
estimated to be ± 0.086 K [4]. The accuracy of the Grant Squirrel 2040 for temperature measurements using 
type K thermocouples is given as ± 1.4 K [5]. All thermocouples needed for the data evaluation were 
connected to the more accurate Helios system (sensor configuration see Table A1). The Squirrel data logger 
was used to monitor the inlet air temperature, and the boundary conditions (sensor configuration see Table 
A2). The Helios and the Squirrel data loggers were configured to record temperatures at a sampling rate of 
0.1 Hz. 
For air flow velocity measurements a Dantec 54N10 Multichannel Flow Analyzer with 18 hot sphere 
anemometers was used. The anemometers were calibrated for horizontal flow in the range from 0 to 1 m/s. 
Velocity measurements were integrated over 120 s with 30 s pause between integration periods.  
The ceiling was divided into 22 sections (Figure 8). Originally the sensors were placed in the centre of each 
section. Although this symmetry was broken after cutting the gypsum boards and installing the EPS, the size 
of the sections was still determined as shown in Figure 8. At each of the 22 positions 5 thermocouples were 
installed in different layers, totalling 110 thermocouples. Additional thermocouples were installed 30 mm 
below the ceiling to measure the local air temperature (Figure 9). 
The anemometers were installed 30 mm below the ceiling at the same positions as the temperature sensors. 
As only 18 anemometers were available, no velocity sensors were installed at positions 1, 5, 6 and 10 
Night-time ventilation experiments - Setup, data evaluation and uncertainty assessment 6 
(Figure 8). In order not to disturb the air flow measurements, the thermocouples for the air temperature 
measurement were installed in the back of the anemometers (Figure 10). 
 
 
Figure 8. Subdivision of the ceiling into 22 sections and location of sensors (top view). 
 
Figure 9. Vertical section of the ceiling element indicating the location of thermocouples for measuring the 
temperature in different layers (A - E) and the local air temperature; anemometer for air flow velocity 
measurement. 
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Figure 10. Anemometer and thermocouples for local air and ceiling surface temperature measurement. 
The walls and the floor were divided into 3 sections each, and sensors were located in the centre of each 
section (Figure 11). At each position one thermocouple connected to the Squirrel data logger was installed at 
the internal surface of the plywood board. Then the first layer of insulation (walls: 30 mm, floor: 100 mm) was 
installed. The temperature difference over the second layer of EPS (30 mm) was measured with thermopiles 
made of 4 thermocouples (Figure 13, left). The temperature difference was used to calculate the heat flow 
through the walls and the floor. At all positions indicated in Figure 11 additional thermocouples were installed 
to measure the internal surface and the local air temperature at a distance of 30 mm from the surface (Figure 
13, right). 
 
 
Figure 11. Subdivision of the walls and the floor into 3 sections and location of sensors. 
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Figure 12. Location of thermocouples in different layers of the walls; thermopile for temperature difference 
(heat flow) measurement. 
    
Figure 13. Internal junctions of the thermopile used for temperature difference measurement (left). 
Thermocouples for wall surface and local air temperature measurements (right). 
To measure the air temperature distribution in the room 3 columns of thermocouples were installed in the 
vertical central plane. The columns were located below the 2nd, 3rd and 4th row of sensors at the ceiling, i.e. 
positions 8, 13, and between 17 and 18 (Figure 8). In these columns thermocouples were at heights 0.1, 1.1, 
1.7, 2.6 and 2.9 m above the floor (Figure 14). The height 2.9 m above the floor is equal to 30 mm below the 
ceiling (sensors for local air temperature at the ceiling). 
 
Surface 
temperature Air          
temperature 
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Figure 14. Thermocouples for air temperature measurements in the vertical central plane 
For determination of the total heat flow removed from the test room by ventilation, the inlet and outlet air 
temperatures were measured. In case of mixing ventilation, sensors were placed in the centre of the inlet 
and both outlet openings (Figure 15). For higher accuracy, additionally, the temperature differences between 
the in- and outlet openings were measured using thermopiles made of 2 thermocouples. In case of 
displacement ventilation the sensors for the inlet air temperature measurement were installed where the pipe 
enters the room and in the inlet device (Figure 7). The outlet air temperature was measured using the same 
sensor as for the inlet during mixing ventilation (Figure 15, left). 
 
    
Figure 15. Thermocouples for measuring inlet (left) and outlet (right) temperatures during mixing ventilation. 
Procedure for experiments 
In each experiment the response of the test room to a step in the air flow rate (inflow temperature below 
room temperature) was measured for at least 12 hours. In total 16 experiments with different ventilation 
modes, air change rates (ACR) and initial temperature differences (ΔT0) were conducted (Table 2). The 
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experiments were started with the test room having a homogeneous temperature equal to the lab 
temperature. In order to obtain stable supply air conditions and a homogeneous temperature in the test room 
at the beginning of the experiment, the settings of the ventilation system (supply fan, exhaust fan, inflow set 
point, chiller set point) were adjusted about 36 hours before the experiment was started. During these 36 
hours the air was piped through the bypass. The experiment was then started by switching the bypass valve 
to the test room. Because of the thermal mass of the pipe between the bypass valve and the test room, it still 
took some time until the temperature measured at the inlet was constant (cf. Figure 16). The initial 
temperature difference, ΔT0 was therefore defined as the difference between the mean temperature of the 
ceiling element and the mean inlet air temperature measured during the last 10 hours of the experiment. 
Table 2. List of experiments. 
No Ventilation mode ACR (ACH) ΔT0 (K) File No 
1 Mixing ventilation 2.3 7.9 016 
2 Mixing ventilation 3.3 4.3 014 
3 Mixing ventilation 3.3 10.2 015 
4 Mixing ventilation 6.7 2.9 010 
5 Mixing ventilation 6.8 6.1 008 
6 Mixing ventilation 6.6 8.9 006 
7 Mixing ventilation 13.1 2.9 011 
8 Mixing ventilation 13.2 4.0 009 
9 Mixing ventilation 13.1 5.3 007 
10 Mixing ventilation 13.3 9.2 002 
11 Displacement ventilation 3.1 10.1 017 
12 Displacement ventilation 6.7 5.8 019 
13 Displacement ventilation 6.7 11.3 018 
14 Displacement ventilation 12.6 3.6 022 
15 Displacement ventilation 12.6 6.0 021 
16 Displacement ventilation 12.7 12.7 020 
 
Data evaluation 
For the evaluation of the heat transfer at the internal room surfaces, first the total surface heat flow 
(conduction in the material) for each section was calculated from the measured temperatures. Also the 
radiative heat flow between the surfaces was calculated from the measured surface temperatures. The 
difference between conduction and radiation then yielded the convective heat flow. 
By way of example, Figure 16 shows the measured temperatures of the inlet air and for position 8, the local 
air and 5 different layers of the ceiling. For the calculation of the conduction, the temperatures measured at 
the internal and external surface were used as boundary condition for a transient 1-dimensional finite 
difference model using an explicit scheme. To reduce the noise in the measurement signals the moving 
average of 15 values (2.5 minutes) was applied. Running the model resulted in the spatial temperature 
profile for each time step. For each section, i the conductive heat flux, icondq ,&  at the surface was calculated 
from the temperature gradient.  
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Figure 16. Temperatures measured at position 8 during experiment no. 4 with mixing ventilation with 6.7 
ACH and an initial temperature difference of ΔT0 = 2.9 K (A-E: 5 different layers of the ceiling). 
The heat flows through the walls and the floor were calculated from the measured temperature difference 
over a 30 mm layer of EPS. In order to account for the thermal mass of the EPS, the heat flow at the internal 
wall and floor surfaces was calculated using the same method as at the ceiling. Here the internal surface 
temperature and the external heat flow were used as boundary condition for the finite difference model. 
For calculation of the radiative heat flows, the view factors Fi,j between all 22 sections of the ceiling and 3 
sections of each wall and the floor were determined according to [6]. The radiative heat flux iradq&  from the 
surface Ai was obtained as sum of the heat fluxes to all surfaces Aj applying the measured surface 
temperatures: 
( )( ) ( )∑ −⋅⋅−−− ⋅⋅⋅= j jijijiji jijiirad TTFFFq 44,,,, 111 εε εεσ&  
Where ( )4281067.5 KmW−⋅=σ  is the Stefan-Boltzmann constant, and iε  and jε  are the emissivities of the 
surfaces. 
The convective heat flux, iconvq ,&  for each section, i was then obtained from the difference between the 
conductive and radiative heat fluxes. Figure 17 shows the convective heat flux for different sections of the 
ceiling. The conductive, radiative and convective heat fluxes were integrated over all 22 sections of the 
ceiling to obtain the total heat flows at the ceiling surface. The total conductive, radiative and convective heat 
flows at the ceiling surface are displayed in Figure 18. 
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Figure 17. Convective heat flux for different sections of the ceiling during experiment no. 4 with mixing 
ventilation with 6.7 ACH and an initial temperature difference of ΔT0 = 2.9 K. 
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Figure 18. Total conductive, convective and radiative heat flows at the ceiling surface during experiment no. 
4 with mixing ventilation with 6.7 ACH and an initial temperature difference of ΔT0 = 2.9 K. 
Integrating the convective heat flux over all room surfaces results in the total heat flow removed from the test 
room, totconvQ ,& : 
∑ ⋅=
i
iconvitotconv qAQ ,, &&  
It should be noted, that the total convective heat flow, totconvQ ,&  equals the total conductive heat flow, 
totcondQ ,& , as by radiation heat is only transported from one surface to another ( 0, =totradQ& ).  
Alternatively, the total heat flow removed from the room can also be determined from the air flow rate, AirV& , 
the density, Airρ , the heat capacity, cp, Air and the temperature difference between the in- and outflowing air. 
( )InletOutletAirpAirAirtotvent TTcVQ −⋅⋅⋅= ,, ρ&&  
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Figure 19 compares the total heat flow obtained by the two different methods. The difference visible at the 
beginning of the experiment results from the thermal capacity of the air in the room. In the experiment shown 
in Figure 19, left the two methods are in very good agreement. In other cases a difference up to 18 % was 
found due to measurement uncertainties (Figure 19, right). It stands out, that in all experiments with mixing 
ventilation totventQ ,&  is larger than totconvQ ,& , while in experiments with displacement ventilation totventQ ,&  is 
smaller than totconvQ ,&  (excluding the first hour). Most probably this is due to a systematic error in the 
measurement of the temperature difference between the in- and outflowing air. The rectangular opening 
below the ceiling (and the temperature sensor placed in this opening) was used for the inlet air during mixing 
ventilation and for the outlet air during displacement ventilation. Accordingly the sensors used for the outlet 
air temperature during mixing ventilation were used for the inlet air during displacement ventilation. 
Therefore an error in this measurement might result in an increase in totventQ ,&  during mixing ventilation, but a 
decrease during displacement ventilation.  
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Figure 19. Total heat flow removed from the room obtained from direct measurements ( totventQ ,& ) and from 
integrating the convective heat flows over all surfaces ( totconvQ ,& ); left: Heat flows during experiment no 4, 
mixing ventilation, ACR = 6.7 ACH, ΔT0 = 2.9 K; right: Percentage of deviation, all experiments, hourly mean 
values.  
Velocity measurements 
In the first 5 experiments (no. 5, 6, 8, 9, 10 in Table 2) velocities were measured during the entire 
experiment. Later it turned out that the heat from the hot sphere anemometers affects the local air 
temperature measurements (see Figure 20). Therefore, in later experiments velocities were only measured 
during 10 minutes after the 12 hour measuring period. 
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Figure 20. Increase in local air temperature during velocity measurement. 
Figure 21 shows the velocities measured during experiment no. 5 with mixing ventilation with 6.8 ACH and 
an initial temperature difference of 6.1 K. The highest velocities occur in the centre line in front of the inlet 
opening (positions 3, 8, 13). The reason for the velocity at position 3 being lower than at position 8 is 
probably that the inlet temperature sensor partially shields the velocity sensor at position 3. The increase in 
the velocities at position 13 and 18 shows that the penetration of the jet changes as the room air temperature 
decreases. The velocity measurements also reveal that the air flow pattern is not symmetric. The velocity at 
position 18 is much higher than at position 17 and the velocity at position 20 is higher than at position 21. 
This indicates that the jet is directed to the left. 
 
 
Figure 21. Velocities measured during experiment no. 5 with mixing ventilation with 6.8 ACH and an initial 
temperature difference of 6.1 K. 
Uncertainty assessment 
For each calculated quantity the uncertainty due to the uncertainty in each input parameter, i was calculated 
separately. Assuming that the uncertainties in each parameter are independent of each other, the total 
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uncertainty, δ  was then calculated as the square root of the quadrature sum of the single uncertainties, iδ  
(propagation of uncertainty): 
∑=
i
i
2δδ  
The uncertainty in the conductive heat flux at the ceiling surfaces is estimated by variation of the input 
parameters of the finite difference model. Additionally to the uncertainty of the measurement equipment 
(± 0.086 K, [4]) the measurement of the surface temperature, T might be affected by radiation from other 
surfaces. At the ceiling this effect was assumed to be small, as the sensors were mounted before the ceiling 
was painted. The error was considered by adding an uncertainty depending on the radiative heat flux of 
± 0.01 K/(W/m2) (maximum ± 0.2 K for qrad,max = 20 W/m2). The uncertainty in the thickness, d of the ceiling 
element was estimated as ± 3 mm and for the material properties the uncertainties given in Table 1 were 
used. Additionally uncertainties in the conductivity, λ and the volumetric heat capacity, ρc of the gypsum 
boards were considered (see Table 1). 
Exemplarily, the results for two cases with a small and a high heat flux are shown in Figure 22. The 
cumulative distribution function of the uncertainty in the total heat flow from the ceiling during all experiments 
due to measurement errors is shown in Figure 23. During 95 % of the time, the uncertainty is below 10 %.  
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Figure 22. Uncertainty in the conductive heat flux at the ceiling due to different input parameters; left: small 
heat flux (experiment no. 4, position 8); right: high heat flux (experiment no. 10, position 8).  
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Figure 23. Cumulative distribution function of the uncertainty in the heat flux at the ceiling due to 
measurement errors. 
An additional uncertainty is introduced by the integration of the heat flux over the ceiling surface. This error is 
largest for cases with an inhomogeneous heat flux, i.e. in cases with a jet flowing along the ceiling. In the 
base case the previously calculated heat flux at each measuring point was multiplied by the corresponding 
area as shown in Figure 8. This corresponds to a linear interpolation between the measuring points. To 
estimate the uncertainty, the profile in each row (positions 1 to 5, 6 to 10, 11 to 15, 16 to 19 and 20 to 22) 
was varied as shown in Figure 24 (left). For each section the minimum and maximum heat flux was 
calculated as follows: 
⎟⎠
⎞⎜⎝
⎛ ++=⎟⎠
⎞⎜⎝
⎛ ++= +−+−
2
,,
2
max;
2
,,
2
min 11max,11min, iiiiiiiiiiii
qqqqqqqqqqqq
&&&&&&&&&&&&  
The resulting uncertainty in the total conductive heat flux at the ceiling during experiment no. 10 is shown in 
Figure 24 (right). The uncertainty is largest in the beginning of the experiment and decreases as the heat flux 
becomes more homogeneous (cf. Figure 17). The cumulative distribution function of the uncertainty resulting 
from integrating the heat flux over the ceiling surface during all experiments is shown in Figure 25 (left). 
During 95 % of the time, the uncertainty is below ± 10 %. 
For each time step the total uncertainty was calculated as the square root of the quadrature sum of the 
uncertainty due to measurement errors and the uncertainty resulting from the integration over the ceiling 
surface. The cumulative distribution function of the uncertainty in the total heat flow from the ceiling is shown 
in Figure 25 (right). During 95 % of the time, the uncertainty is below ± 13 %. 
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Figure 24. Uncertainty resulting from the integration of the heat flux over the ceiling surface; left: Different 
heat flux profiles (dotted lines give the same result as the step curves; congruent triangles); right: Resulting 
uncertainty in the total conductive heat flux at the ceiling during experiment no. 10.  
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Figure 25. Cumulative distribution functions of the uncertainty resulting from integrating the heat flux over 
the ceiling surface (left) and the total uncertainty in the total heat flow from the ceiling (right). 
Also the uncertainty in the conductive heat flux at the floor and wall surfaces was assessed by variation of 
the input parameters of the finite difference model. In this case the temperature at the internal surface and 
the heat flux at the external surface were used as boundary conditions. As the temperature difference ΔT, 
used to calculate the external heat flux, was measured with a thermopile made of 4 thermocouples, and 
radiation effects can be excluded, the uncertainty was estimated as ± 0.05 K. The uncertainty in the surface 
temperature, TSurf due to radiation effects was assumed to be higher at the walls than at the ceiling. The error 
was considered by adding an uncertainty depending on the radiative heat flux of ± 0.042 K/(W/m2) 
(maximum ± 0.5 K for qrad,max = 12 W/m2). The uncertainty in the distance, d1 between the two sensors 
measuring the temperature difference was estimated as ± 2 mm. The distance, d2 was assumed to be 
115 ± 15 mm (Figure 27). This also includes the uncertainty emerging from a non-linear temperature profile 
over d1. The uncertainties in the conductivity, λ and the volumetric heat capacity, ρc of the EPS were 
assumed as given in Table 1.  
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Exemplarily, the results for two cases with a small and a high heat flux are shown in Figure 27. The 
cumulative distribution function of the uncertainty in the heat flow from the walls and the floor due to 
measurement errors is shown in Figure 28. Here in some cases a high relative uncertainty occurs due to 
small absolute heat flows. As the heat flows at the floor and walls are generally small compared to the heat 
flow from the ceiling, this uncertainty does not affect the total heat flow from the whole room too much. The 
uncertainty resulting from the integration of the heat flow over the floor and wall surfaces was estimated as 
± 10 %.  
 
 
Figure 26. Distances d1 and d2 used for the calculation of the surface heat flux at the floor and walls. 
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Figure 27. Uncertainty in the conductive heat flux at the floor due to different input parameters; left: small 
heat flux (experiment no. 4, central measuring point at the floor); right: high heat flux (experiment no. 16, 
central measuring point at the floor). 
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Figure 28. Cumulative distribution functions of the uncertainty in the conductive heat flux at the floor and wall 
surfaces due to measurement errors.  
To assess the uncertainty in the total conductive heat flow at all room surfaces the absolute uncertainties in 
the heat flows at the ceiling and the other surfaces were summed up and put into relation to the total heat 
flow. The cumulative distribution function of the uncertainty in the total conductive heat flow from all room 
surfaces during all experiments is shown in Figure 29. During 95 % of the time, the uncertainty is below 
± 16 %. 
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Figure 29. Cumulative distribution function of the uncertainty in the total conductive heat flow from all room 
surfaces. 
For the calculation of the radiative heat flows it is assumed that the surface temperature is homogeneous in 
each section (22 sections at the ceiling and 3 sections at each wall and floor surface). To estimate the 
uncertainty introduced by this assumption, the error in averaging the ceiling surface temperature is assessed 
applying the same method as for the integration of the conduction heat flow (cf. Figure 24, left). The 
maximum error was ± 0.4 K corresponding to ± 5 % (relative to ΔT0). The total uncertainty in the temperature 
difference was estimated as ± 10 %. The sensitivity of the radiative heat flow on uncertainties in the 
temperature difference and the emissivities (± 5 %) was assumed to be linear. The uncertainties in the 
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Stefan-Boltzmann constant and the geometric parameters were neglected. For the total uncertainty in the 
radiative heat flow follows: 
%121055 222222
2
1, ±=++=++= ΔTradQ δδδδ εε&  
As the sum of all radiative heat flows at all room surfaces is zero, the total convective heat flow from the 
room equals the total conductive heat flow and the uncertainty is also the same. The uncertainty in the 
convective heat flow from the ceiling was assessed as the square root of quadrature sum of the uncertainties 
in the conductive and radiative heat flows. The cumulative distribution functions of the absolute and relative 
uncertainty in the convective heat flow from the ceiling are shown in Figure 30. The calculation of the 
convective heat flow as difference between conduction and radiation, results in a high relative uncertainty 
(Figure 30, left). During 95 % of the time, the absolute uncertainty is below ± 2.2 W/m2 (Figure 30, right).  
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Figure 30. Cumulative distribution functions of the uncertainty in the mean convective heat flux from the 
ceiling; left: relative (%), right: absolute (W/m2). 
The ratio between the convective and the total heat flow from the ceiling, γ  is defined as: 
Ceilingcond
Ceilingrad
Ceilingcond
Ceilingconv
Q
Q
Q
Q
,
,
,
, 1 &
&
&
&
−==γ  
The uncertainty in γ  was calculated based on the uncertainties in CeilingradQ ,&  and CeilingcondQ ,& . The 
cumulative distribution function of the absolute uncertainty in the convection ratio γ  is shown in Figure 31. 
During 95 % of the time, the absolute uncertainty is below ± 0.11. 
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Figure 31. Cumulative distribution function of the absolute uncertainty in the convection ratio γ  at the 
ceiling. 
The total heat flow removed from the room was calculated based on the temperature difference between the 
in- and outflowing air and the air flow rate. The difference between the inlet and outlet air temperature was 
measured by a thermopile consisting of two thermocouples. Therefore the uncertainty is assumed to be 
dominated by radiation effects and was estimated as ± 10 %. The accuracy of the air flow measurement is 
given by the manufacturer of the orifice as ± 5 %. The uncertainties in the density and the thermal capacity of 
the air were estimated as ± 3 % and ± 1 %, respectively. For the uncertainty in the total heat flow removed by 
ventilation follows: 
%1210135 222222,
2
,
2
,,, ±=+++=+++= ΔTAircAirAirVventtotQ p δδδδδ ρ&&  
The ventilation efficiency, η  was defined as: 
InletSurface
InletOutlet
TT
TT
−
−=η  
The uncertainty in the difference between the inlet and outlet air temperature was again estimated as 
± 10 %. For the difference between the average room surface temperature and the inlet air temperature the 
uncertainty was estimated as ± 10 %. For the ventilation efficiency, η  follows: 
%141010 22 ±=+=ηδ  
Discussion and conclusion 
A test room was equipped with temperature and air flow velocity sensors for a detailed analysis of heat 
transfer during night-time ventilation. Temperatures were measured at 22 points at the ceiling and at 3 points 
at each wall and floor surface. From the measured temperatures surface heat flows were calculated using a 
1-dimensional finite difference model. The uncertainty in the conductive heat flow at the ceiling due to 
measurement errors was estimated as ± 10 %. 
Additional uncertainty in the same order of magnitude is introduced by the integration of the heat flow over 
the ceiling surface (22 sections). Alternatively, a 3-dimensional finite difference model could be used to 
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determine the 3-dimensional temperature field in the ceiling element and thus the surface heat flow with a 
higher resolution. However, as the jet at the ceiling might cause a discontinuous surface temperature profile, 
the application of a 3-dimensional model is not expected to improve the accuracy significantly. 
The radiative heat flows between different surfaces were determined from the measured surface 
temperatures. The difference between conduction and radiation then yielded the convective heat flow at 
each surface section. Integration over all surfaces results in the total heat flow discharged from the room. 
The uncertainty in the total heat flow discharged from the room yielded from surface heat flow 
measurements was estimated as ± 16 %. The uncertainty in the heat flow resulting from in-/ outflowing air 
temperature and mass flow measurements was estimated as ± 12 %. Considering these uncertainties 
yielded overlapping uncertainty bands for all experiments. 
Although there are considerable uncertainties, the presented method is regarded to be suitable to investigate 
surface heat transfer during night-time ventilation. 
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Appendix 
Table A1. Sensor configuration for Helios data loggers. 
Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
283 1 1 Isothermal 0 8A A0 1A brown blue Ceiling 1 A 
283 2 1 Isothermal 1 8A A1 1B brown blue Ceiling 1 B 
283 3 1 Isothermal 2 8A A2 1C brown blue Ceiling 1 C 
283 4 1 Isothermal 3 8A A3 1D brown blue Ceiling 1 D 
283 5 1 Isothermal 4 8A A4 1E brown blue Ceiling 1 E 
283 6 1 Isothermal 5 8A A5 2A green white Ceiling 2 A 
283 7 1 Isothermal 6 8A A6 2B green white Ceiling 2 B 
283 8 1 Isothermal 7 8A A7 2C green white Ceiling 2 C 
283 9 1 Isothermal 8 8A A8 2D green white Ceiling 2 D 
283 10 1 Isothermal 9 8A A9 2E green white Ceiling 2 E 
283 11 1 Isothermal 10 8B B0 3A brown blue Ceiling 3 A 
283 12 1 Isothermal 11 8B B1 3B brown blue Ceiling 3 B 
283 13 1 Isothermal 12 8B B2 3C brown blue Ceiling 3 C 
283 14 1 Isothermal 13 8B B3 3D brown blue Ceiling 3 D 
283 15 1 Isothermal 14 8B B4 3E brown blue Ceiling 3 E 
283 16 1 Isothermal 15 8B B5 4A green white Ceiling 4 A 
283 17 1 Isothermal 16 8B B6 4B green white Ceiling 4 B 
283 18 1 Isothermal 17 8B B7 4C green white Ceiling 4 C 
283 19 1 Isothermal 18 8B B8 4D green white Ceiling 4 D 
283 20 1 Isothermal 19 8B B9 4E green white Ceiling 4 E 
Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
283 21 2 Isothermal 0 1A A0 5A brown blue Ceiling 5 A 
283 22 2 Isothermal 1 1A A1 5B brown blue Ceiling 5 B 
283 23 2 Isothermal 2 1A A2 5C brown blue Ceiling 5 C 
283 24 2 Isothermal 3 1A A3 5D brown blue Ceiling 5 D 
283 25 2 Isothermal 4 1A A4 5E brown blue Ceiling 5 E 
283 26 2 Isothermal 5 1A A5 6A green white Ceiling 6 A 
283 27 2 Isothermal 6 1A A6 6B green white Ceiling 6 B 
283 28 2 Isothermal 7 1A A7 6C green white Ceiling 6 C 
283 29 2 Isothermal 8 1A A8 6D green white Ceiling 6 D 
283 30 2 Isothermal 9 1A A9 6E green white Ceiling 6 E 
283 31 2 Isothermal 10 1B B0 7A green white Ceiling 7 A 
283 32 2 Isothermal 11 1B B1 7B green white Ceiling 7 B 
283 33 2 Isothermal 12 1B B2 7C green white Ceiling 7 C 
283 34 2 Isothermal 13 1B B3 7D green white Ceiling 7 D 
283 35 2 Isothermal 14 1B B4 7E green white Ceiling 7 E 
283 36 2 Isothermal 15 1B B5 8A green white Ceiling 8 A 
283 37 2 Isothermal 16 1B B6 8B green white Ceiling 8 B 
283 38 2 Isothermal 17 1B B7 8C green white Ceiling 8 C 
283 39 2 Isothermal 18 1B B8 8D green white Ceiling 8 D 
283 40 2 Isothermal 19 1B B9 8E green white Ceiling 8 E 
Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
283 41 3 Isothermal 0 2A A0 9A green white Ceiling 9 A 
283 42 3 Isothermal 1 2A A1 9B green white Ceiling 9 B 
283 43 3 Isothermal 2 2A A2 9C green white Ceiling 9 C 
283 44 3 Isothermal 3 2A A3 9D green white Ceiling 9 D 
283 45 3 Isothermal 4 2A A4 9E green white Ceiling 9 E 
283 46 3 Isothermal 5 2A A5 10A green white Ceiling 10 A 
283 47 3 Isothermal 6 2A A6 10B green white Ceiling 10 B 
283 48 3 Isothermal 7 2A A7 10C green white Ceiling 10 C 
283 49 3 Isothermal 8 2A A8 10D green white Ceiling 10 D 
283 50 3 Isothermal 9 2A A9 10E green white Ceiling 10 E 
283 51 3 Isothermal 10 2B B0 1 green white Surface Low X, bottom 
283 52 3 Isothermal 11 2B B1 2 green white Surface High X, bottom 
283 53 3 Isothermal 12 2B B2 3 green white Surface Low Z, bottom 
283 54 3 Isothermal 13 2B B3 4 green white Surface High Z, bottom 
283 55 3 Isothermal 14 2B B4 5 green white Surface Low X, centre 
283 56 3 Isothermal 15 2B B5 6 green white Surface High X, centre 
283 57 3 Isothermal 16 2B B6 7 green white Surface Low Z, centre 
283 58 3 Isothermal 17 2B B7 8 green white Surface High Z, centre 
283 59 3 Isothermal 18 2B B8 9 green white Surface Low X, top 
283 60 3 Isothermal 19 2B B9 10 green white Surface High X, top 
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Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
283 61 4 Sullins 0 6B B0 11 green white Surface Low Z, top 
283 62 4 Sullins 1 6B B1 12 green white Surface High Z, top 
283 63 4 Sullins 2 6B B2 13 green white Surface Floor, low x 
283 64 4 Sullins 3 6B B3 14 green white Surface Floor, centre 
283 65 4 Sullins 4 6B B4 15 green white Surface Floor, high x 
283 66 4 Sullins 5 6B B5 A1 green white Air Low X, bottom 
283 67 4 Sullins 6 6B B6 A2 green white Air High X, bottom 
283 68 4 Sullins 7 6B B7 A3 green white Air Low Z, bottom 
283 69 4 Sullins 8 6B B8 A4 green white Air High Z, bottom 
283 70 4 Sullins 9 6B B9 A5 green white Air Low X, centre 
283 71 4 Sullins 10 7A A0 A6 green white Air High X, centre 
283 72 4 Sullins 11 7A A1 A7 green white Air Low Z, centre 
283 73 4 Sullins 12 7A A2 A8 green white Air High Z, centre 
283 74 4 Sullins 13 7A A3 A9 green white Air Low X, top 
283 75 4 Sullins 14 7A A4 A10 green white Air High X, top 
283 76 4 Sullins 15 7A A5 A11 green white Air Low Z, top 
283 77 4 Sullins 16 7A A6 A12 green white Air High Z, top 
283 78 4 Sullins 17 7A A7 A13 green white Air Floor, low x 
283 79 4 Sullins 18 7A A8 A14 green white Air Floor, centre 
283 80 4 Sullins 19 7A A9 A15 green white Air Floor, high x 
Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
283 81 5 Voltage 0   1 blue green ΔT Low X, bottom 
283 82 5 Voltage 1   2 blue green ΔT High X, bottom 
283 83 5 Voltage 2   3 blue green ΔT Low Z, bottom 
283 84 5 Voltage 3   4 blue green ΔT High Z, bottom 
283 85 5 Voltage 4   5 yellow orange ΔT Low X, centre 
283 86 5 Voltage 5   6 yellow orange ΔT High X, centre 
283 87 5 Voltage 6   7 yellow orange ΔT Low Z, centre 
283 88 5 Voltage 7   8 yellow orange ΔT High Z, centre 
283 89 5 Voltage 8   9 red brown ΔT Low X, top 
283 90 5 Voltage 9   10 red brown ΔT High X, top 
283 91 5 Voltage 10   11 red brown ΔT Low Z, top 
283 92 5 Voltage 11   12 red brown ΔT High Z, top 
283 93 5 Voltage 12   13 blue green ΔT Floor, low x 
283 94 5 Voltage 13   14 yellow orange ΔT Floor, centre 
283 95 5 Voltage 14   15 red brown ΔT Floor, high x 
283 96 5 Voltage 15   16 black white ΔT In- Outlet, low z 
283 97 5 Voltage 16   17 grey lilac ΔT In- Outlet, high z 
283 98 5 Voltage 17 7B B0 In green white Inlet 
283 99 5 Voltage 18 7B B1 43 red green Ice point 41 
283 100 5 Voltage 19 7B B2 44 red green Ice point 42 
Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
233 1 1 Isothermal 0 3A A0 11A green white Ceiling 11 A 
233 2 1 Isothermal 1 3A A1 11B green white Ceiling 11 B 
233 3 1 Isothermal 2 3A A2 11C green white Ceiling 11 C 
233 4 1 Isothermal 3 3A A3 11D green white Ceiling 11 D 
233 5 1 Isothermal 4 3A A4 11E green white Ceiling 11 E 
233 6 1 Isothermal 5 3A A5 12A brown blue Ceiling 12 A 
233 7 1 Isothermal 6 3A A6 12B brown blue Ceiling 12 B 
233 8 1 Isothermal 7 3A A7 12C brown blue Ceiling 12 C 
233 9 1 Isothermal 8 3A A8 12D brown blue Ceiling 12 D 
233 10 1 Isothermal 9 3A A9 12E brown blue Ceiling 12 E 
233 11 1 Isothermal 10 3B B0 13A brown blue Ceiling 13 A 
233 12 1 Isothermal 11 3B B1 13B brown blue Ceiling 13 B 
233 13 1 Isothermal 12 3B B2 13C brown blue Ceiling 13 C 
233 14 1 Isothermal 13 3B B3 13D brown blue Ceiling 13 D 
233 15 1 Isothermal 14 3B B4 13E brown blue Ceiling 13 E 
233 16 1 Isothermal 15 3B B5 14A green white Ceiling 14 A 
233 17 1 Isothermal 16 3B B6 14B brown blue Ceiling 14 B 
233 18 1 Isothermal 17 3B B7 14C brown blue Ceiling 14 C 
233 19 1 Isothermal 18 3B B8 14D brown blue Ceiling 14 D 
233 20 1 Isothermal 19 3B B9 14E brown blue Ceiling 14 E 
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Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
233 21 2 Isothermal 0 4A A0 15A green white Ceiling 15 
233 22 2 Isothermal 1 4A A1 15B green white Ceiling 15 
233 23 2 Isothermal 2 4A A2 15C green white Ceiling 15 
233 24 2 Isothermal 3 4A A3 15D green white Ceiling 15 
233 25 2 Isothermal 4 4A A4 15E green white Ceiling 15 
233 26 2 Isothermal 5 4A A5 16A brown blue Ceiling 16 
233 27 2 Isothermal 6 4A A6 16B brown blue Ceiling 16 
233 28 2 Isothermal 7 4A A7 16C brown blue Ceiling 16 
233 29 2 Isothermal 8 4A A8 16D brown blue Ceiling 16 
233 30 2 Isothermal 9 4A A9 16E brown blue Ceiling 16 
233 31 2 Isothermal 10 4B B0 17A brown blue Ceiling 17 
233 32 2 Isothermal 11 4B B1 17B brown blue Ceiling 17 
233 33 2 Isothermal 12 4B B2 17C brown blue Ceiling 17 
233 34 2 Isothermal 13 4B B3 17D brown blue Ceiling 17 
233 35 2 Isothermal 14 4B B4 17E brown blue Ceiling 17 
233 36 2 Isothermal 15 4B B5 18A brown blue Ceiling 18 
233 37 2 Isothermal 16 4B B6 18B brown blue Ceiling 18 
233 38 2 Isothermal 17 4B B7 18C brown blue Ceiling 18 
233 39 2 Isothermal 18 4B B8 18D brown blue Ceiling 18 
233 40 2 Isothermal 19 4B B9 18E brown blue Ceiling 18 
Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
233 41 3 Isothermal 0 5A A0 19A brown blue Ceiling 19 
233 42 3 Isothermal 1 5A A1 19B brown blue Ceiling 19 
233 43 3 Isothermal 2 5A A2 19C brown blue Ceiling 19 
233 44 3 Isothermal 3 5A A3 19D brown blue Ceiling 19 
233 45 3 Isothermal 4 5A A4 19E brown blue Ceiling 19 
233 46 3 Isothermal 5 5A A5 20A green white Ceiling 20 
233 47 3 Isothermal 6 5A A6 20B green white Ceiling 20 
233 48 3 Isothermal 7 5A A7 20C green white Ceiling 20 
233 49 3 Isothermal 8 5A A8 20D green white Ceiling 20 
233 50 3 Isothermal 9 5A A9 20E green white Ceiling 20 
233 51 3 Isothermal 10 5B B0 21A brown blue Ceiling 21 
233 52 3 Isothermal 11 5B B1 21B brown blue Ceiling 21 
233 53 3 Isothermal 12 5B B2 21C brown blue Ceiling 21 
233 54 3 Isothermal 13 5B B3 21D brown blue Ceiling 21 
233 55 3 Isothermal 14 5B B4 21E brown blue Ceiling 21 
233 56 3 Isothermal 15 5B B5 22A green white Ceiling 22 
233 57 3 Isothermal 16 5B B6 22B green white Ceiling 22 
233 58 3 Isothermal 17 5B B7 22C green white Ceiling 22 
233 59 3 Isothermal 18 5B B8 22D green white Ceiling 22 
233 60 3 Isothermal 19 5B B9 22E green white Ceiling 22 
Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
233 61 4 Isothermal 0 I. p. 1 1 1 red green Air Ceiling 1 
233 62 4 Isothermal 1 I. p. 1 2 2 red green Air Ceiling 2 
233 63 4 Isothermal 2 I. p. 1 3 3 red green Air Ceiling 3 
233 64 4 Isothermal 3 I. p. 1 4 4 red green Air Ceiling 4 
233 65 4 Isothermal 4 I. p. 1 5 5 red green Air Ceiling 5 
233 66 4 Isothermal 5 I. p. 1 6 6 red green Air Ceiling 6 
233 67 4 Isothermal 6 I. p. 1 7 7 red green Air Ceiling 7 
233 68 4 Isothermal 7 I. p. 1 8 8 red green Air Ceiling 8 
233 69 4 Isothermal 8 I. p. 1 9 9 red green Air Ceiling 9 
233 70 4 Isothermal 9 I. p. 1 10 10 red green Air Ceiling 10 
233 71 4 Isothermal 10 I. p. 2 11 11 red green Air Ceiling 11 
233 72 4 Isothermal 11 I. p. 2 12 12 red green Air Ceiling 12 
233 73 4 Isothermal 12 I. p. 2 13 13 red green Air Ceiling 13 
233 74 4 Isothermal 13 I. p. 2 14 14 red green Air Ceiling 14 
233 75 4 Isothermal 14 I. p. 2 15 15 red green Air Ceiling 15 
233 76 4 Isothermal 15 I. p. 2 16 16 red green Air Ceiling 16 
233 77 4 Isothermal 16 I. p. 2 17 17 red green Air Ceiling 17 
233 78 4 Isothermal 17 I. p. 2 18 18 red green Air Ceiling 18 
233 79 4 Isothermal 18 I. p. 2 19 19 red green Air Ceiling 19 
233 80 4 Isothermal 19 I. p. 2 20 20 red green Air Ceiling 20 
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Logger Channel Inputblock ch Comp. Box Cable Nr. High Low Location 
233 81 5 Isothermal 0 I. p. 3 21 21 red green Air Ceiling 21 
233 82 5 Isothermal 1 I. p. 3 22 22 red green Air Ceiling 22 
233 83 5 Isothermal 2 I. p. 3 23 23 red green Air A 0.1 m 
233 84 5 Isothermal 3 I. p. 3 24 24 red green Air A 1.1 m 
233 85 5 Isothermal 4 I. p. 3 25 25 red green Air A 1.7 m 
233 86 5 Isothermal 5 I. p. 3 26 26 red green Air A 2.6 m 
233 87 5 Isothermal 6 I. p. 3 27 27 red green Air B 0.1 m 
233 88 5 Isothermal 7 I. p. 3 28 28 red green Air B 1.1 m 
233 89 5 Isothermal 8 I. p. 3 29 29 red green Air B 1.7 m 
233 90 5 Isothermal 9 I. p. 3 30 30 red green Air B 2.6 m 
233 91 5 Isothermal 10 I. p. 4 31 31 red green Air C 0.1 m 
233 92 5 Isothermal 11 I. p. 4 32 32 red green Air C 1.1 m 
233 93 5 Isothermal 12 I. p. 4 33 33 red green Air C 1.7 m 
233 94 5 Isothermal 13 I. p. 4 34 34 red green Air C 2.6 m 
233 95 5 Isothermal 14 I. p. 4 35 35 red green Air C 2.9 m 
233 96 5 Isothermal 15 I. p. 4 36 36 red green Outlet Low Z 
233 97 5 Isothermal 16 I. p. 4 37 37 red green Outlet High Z 
233 98 5 Isothermal 17 6A A0 -    
233 99 5 Isothermal 18 6A A1 43 red green Ice point 43 
233 100 5 Isothermal 19 6A A2 44 red green Ice point 44 
Table A2. Sensor configuration for Grant Squirrel data logger. 
Channel Plug Block Pins Type Location x (m) * y (m) * z (m) * 
1 1 A 1-5 thin Wall Low X, bottom 0.000 0.720 1.480 
2 1 A 2-5 thin Wall High X, bottom 3.490 0.720 1.480 
3 1 A 3-5 thin Wall Low Z, bottom 1.750 0.720 0.000 
4 1 A 4-5 thin Wall High Z, bottom 2.000 0.720 2.960 
5 2 B 1-5 thin Wall Low X, centre 0.000 1.700 1.480 
6 2 B 2-5 thin Wall High X, centre 3.490 1.700 1.480 
7 2 B 3-5 thin Wall Low Z, centre 1.750 1.700 0.000 
8 2 B 4-5 thin Wall High Z, centre 2.000 1.700 2.960 
9 3 C 1-5 thin Wall Low X, top 0.000 2.670 1.480 
10 3 C 2-5 thin Wall High X, top 3.490 2.670 1.480 
11 3 C 3-5 thin Wall Low Z, top 1.750 2.670 0.000 
12 3 C 4-5 thin Wall High Z, top 2.000 2.670 2.960 
13 4 D 1-5 thin Floor, low x 0.690 0.000 1.480 
14 4 D 2-5 thin Floor, centre 1.750 0.000 1.480 
15 4 D 3-5 thin Floor, high x 2.800 0.000 1.480 
16 4 D 4-5 thin Lab floor below house 1.470 -0.122 1.950 
17 5 G 1-5 thick Cold room, Wall, bottom 3.754 0.720 1.480 
18 5 G 2-5 thick Cold room, Wall, centre 3.764 1.700 1.480 
19 5 G 3-5 thick Cold room, Wall, top 3.764 2.670 1.480 
20 5 G 4-5 thick Cold room, Air 4.000 1.700 1.480 
21 6 H 1-5 thick Ext. wall Low X, bottom -0.135 0.720 1.480 
22 6 H 2-5 thick Ext. wall Low X, centre -0.135 1.700 1.480 
23 6 H 3-5 thick Ext. wall Low X, top -0.135 2.670 1.480 
24 6 H 4-5 thick Ext. wall High Z, bottom 2.000 0.720 3.095 
25 7 J 1-5 thick Ext. wall High Z, centre 2.000 1.700 3.095 
26 7 J 2-5 thick Ext. wall High Z, top 2.000 2.670 3.095 
27 7 J 3-5 thick Ceiling, low x 0.690 3.439 1.480 
28 7 J 4-5 thick Ceiling, centre 1.750 3.439 1.480 
29 8 K 1-5 thick Ceiling, high x 2.800 3.439 1.480 
30 8 K 2-5 thick Lab air, bottom  0.720  
31 8 K 3-5 thick Lab air, centre  1.700  
32 8 K 4-5 thick Lab air, top  2.670  
* Coordinates from existing (before installation of EPS) internal wall surfaces, x from wall with inlet, y from floor, z from wall opposite door 
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